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SECTION 1

Introduction andSummary

The work of this report is directed toward the ontical

recording of time-sequential. information from a spetial array of

hydrophones or other mensors. The time sequence of signals from

the sensor array Is Initially e space-time matrix of data. An

optical recording process is required which will convert this

data Into a two.-dimensional spatial matrix.

Such a recording process will require the following elements-

1; A photographic recording film or other medium

2. A writing head capable of simultaneoum recording of data
in par~llel columns on the film from many information
channel,

3.A hydrophone signal distributor to transfer the signal
from each hydrophone to thn matching channel of the
writing head, with signal amplification or other input

id" matching to assure compatibility with the writing head.

This report will assess the practicability of such a recording

aystem in which the recording medium Is photochromic film and the

writing head is an - array of luminesicent semiconductor diodea.Th

diode arrays considered here will be made by neutron tranomutat~ion

doping a-ince this technique promises high densi~ty packing of

luminescent diodes with high optical power density per unit area.

_n The recording medium to be considered will be photochromic film

becaume it can be repeatedly re-usad, and therefore offers the

possibility of long term use with a relatively low volume or film.

it also offers the property of high resolution storage of the

Infor-motion.
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The important characteristic of photochromic film is its

ability to change ita optical density in a reversible manner, upon

the absorption of opt~ical radiation of specified wavelengths. The

thermal fading rate is slow (minutes to hours) and the spatial

resolution can be high - theoretically in the 100 angstrom range.

The optical density of a photochromic film will vary as a
function of the wavelength - uaually expressed In millimicrons

(myu) - of the incident radiation, and of the energy deposited

(expressed in Joules per cmor millijoules per cm2) as a function

of wavelength. A photochromic film will usually have at least

two wavelength ranges with opposite behavior: An activation

wavelength range, within w~hich the absorption of energy will

increase the optical densf ty of an initially transparent film;
and ableahit wavelength range, within whic. the absorption

of energy will decrease the optical density of the film. There

will also be a neutral wave-length which will not affect the film

and which can therefore be used ror optical reading.

Luminescent diode writing heads have a numxber of potent al

advantage', for recording on photochromic, film: The luminescent

P-N junction area can be In close contact with the film leading

to efficient utilization of the radinnt enlergy. The radiant power

density produced by electrical puloes can be appreciable, of the

order of millijouleo per cm2 for short pulse lengthm. The size

of the Illuminated region can be a few square milm, 8mall enou~gh

to achieve a r-elatively high packing density of information on the

film without requiring optics.

Another In~portant consideration Is the possibility of
fabricating liuitinescent diodes In BrrAy configuration. Since

ma ny recorliing, channels are required along the width of the film,

a linear array of diodes is needed. Neutron transmutation dloping

was selected as a promising method for fabricating a luminescent

dio)de array with relatively clone spacing in a single step. Thisa

do-ping method, which is doarribed in detail Iin Sectio~n 9, has the

F~UNDAMENTAL VErTH ODS ASS3OCIATES, I NC.



capability of fabricating a linear array of P-N junctions of
.. lmot arbitrary length, in a single semiconductor crystal, with

•!ia diode-to-diode mdinimum spacing in the 10 to 30 mil range.

S....,'•':s ... Summa ry of the Work

'•':*•£;In Section 2 of this report the properties of photochromic

•., .•films are described and the characteristics of luminescent diode
,.-:.writing heads are briefly reviewed. The specirications fora
";i•,iii~jmultiple-channel photochromic recording system are piven. A

S..... . detailed discussion is given of the fv...stem aspects of photo-

:,.• chromic film recording which will emphasize the critical
:.:.•;:}:•parameters in assessing such a system.

i;'7•.•i:The important characteriatces of photochromic material are

S..... ,,,< .) its reve rsib ility , 2 ) its s e ctra l range 3) t e n rg

,•,::••,•density required for bleaching and 4)Its expected lifetime

,:%;•i•!.in cycles of use. A program of' measurements was carried out on

-•..:•"a number of avajllable photochromic materials to determine these
,.•:-,.-•,characteristics. Thie m~easuramento and results are described in

•::":"•Section 3.

• •"•,'Photochromic matarial measurement,7 are described in Section

!•i)'\'ia••3.1. The results are aummarizei In Sectionl 3.2. It was ffound

:•"that only one available material had the spectral range and low
.. ;••?•:energy density for bleaching that In at all compatihle with

!,i:,•luminescent diodes. This is the VL-316A film in glass laismnte
,• ..... form. It wan also f A•nd that the lifetime i.n use cycles of the

i•'!;system is relatively limited.

.•7The lifetime of the photochro)mic film in limited by the

ii•,•ideterlor~tion of the chemical compound 1ý the ultraviolet

,•','•:.•activation process. An the deterioration proceeds, more ul.tra-

!• i,;•-,•,,violet light is roquitred to produce a glvon density cha•nge.

"H N"1i.. 0.,. =. A MENT A L M V. TH Q 3 A 0.U C IA T..[ S .I N C:



Eventually the film Is no longer sensitive to either activation

~ I or bleaching light. Measurements on the VL316A film (the most

satisfactory) indicate an expected lifetime of 800 cycles.

Experimental attempts were made to Increase film lifetime

by conducting activations in several chemically different

'A atmospheres. No significant differences were observed. This

is discussed in Section 3.3.

It is pointuA out in Section 3 that the bleaching mode in
photochromic films requires radiation in the 50C0 to 7000 angstrom

range. It Is also necessary to achieve an energy density of the

" el .order of 10 to 20 mi].lijoules per cm2  to obtain bleaching. In

Section 14 we consider tho attainability of this wavelength and

energy density with semiconductor luminescent diode arrays which

can be fabricated by tranamutation.

Gallium~ arsenide phosphide can be produced to emit at any
14.,wavelength in the range from about 5900 to 9100 9 depending

on its coi.oositioY.. The required wavelength can be obtained by

properly specifying the value x in G& sThe greater

the value of x, the lower is the wavelength emitted.

Any semiconductor composition In the family GaP As l can

be doped in a junction array configuration by neutron transmutationl

techniques. At the beginuning of this investigation it waft intended

to select a compoeition that In comipatible in frequency with a

satisfactory photochromic material. When it was found that no

photochromic. material had a aufficiantly long life cycle to

satisfy the syntem requiremients, it wae decided to conduct the

powor compatibility measurements with the most convenient and

m~oat easily ootainable semiconductor material in this f'amily,

gallium arsenide. Results obtained for GaAs would in addition

be directly applicable for development of a di':dr. array for,

MuLP i~chanriel recording on conventional photogral 1r ilrno.

FUNDAMENTAL MEýTHODS ASSOCIATES, INC.
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Measurements were made on gallium arsenide luminescent

diodes produced by 1) neutron transmutation and 2) by

diffusion, In both cases power densities of 50 to 100 milli-

watts per cm. were measured under CW conditione. With good

heat sinking and pulsed power this should permit sub-millisecond
writing speeds on the best photochromic film.

The application of' neutron transmutation techniques to

diode array fabrication in the gallium arsenide phosphide family

of compounds Is described in Section 5.

Neutron transmutation techniques can make a significant

contribution In the deivelopment of multi-channol recording on

photochromic film (and alternatively, on photographic films) by

means of the capability for fabricating a high linear density of

diodes on a single wafer of semiconductor, each diode having a

small emitting area. An array of 100 diodes over a i--inch width

of oemiconductor wafer lis an atttL -nabie objective. Thin cor-

rfiponds to a 10-mul apacing betwE.',n diodes, each diode having

a radiation.-em1.tting area of 5 to LO square miita. In the present
program the more niodeat objective of a 30~-mil diode spacing was

set. This goal was att-ained and a four diode array with 30-mui

spmcing was made. The radiation-emitting area of each diode was

15 square mil1s.

Transmutation techniques have thus been used In this wo.'rk

to make an integrated linear optical array fabricnted on a

single monolithi1 _. slice of gallium arn~enide. This integrated

device includes all electrical connection points and all infre-

red.-emitting junctionn. Furthermore, we have shown that- despite

the small size and compactness of the diode array, a suffricient

A intensity f'nr film recoriing io availat-le from each P-.N Junction

element.

N- 1-



It had oriEgInally been plenned to perform the neUtron

iýransmutation irradiations for production of the diode array

writing heads in the Oak Ridge Reactor, with which we have

extensive e perience. Two capet-les were planned, one capsule

to produce individual diodes and some small arrays (five

Junctions or lests) and one capsule to produce larger arraye.

However, after the photochromic material studies were completed

we were informed that increased usage of the Oak Ridge Reactor

by Oak Ridge National Laboratory would make scheduling of

experiments extremely uncertain. It was therefore decided t o

use another available r'eactor, the Air Force Huclear Test

Facility (APNTF) at Wright Patterson Air Force Baise.

The first capsule w~a prepax-ed and Irradiated. It wan

found however thbt the gal.lium arsenide specimens had all been

over-irradiated. Not only had the originally P.-type unshielded

ragiona teen converted to N-type, but the shielded P-tp reioa

which should have remained P-type were also converted to N-type.

NI atailed analyst-, of the first capaulo specimens ahowed

the reason for this over-irreadiation. The non-.thermnl (higher

j~. energy) part or the neutron flux epectruii is significantly

hi~her In the AFN4T"' ý-han 1,. tl'lo C)RR. This is particularly

Important for gallium arsenide which hats neutron absorption

resonances at the higher neutron energies which are present in

the AFNTF. The mignificance of' the lower cadmi.um ratio In the

A PNTF4 ias pcesented in detail In Section 6.1.

Once this point was realized, a second capsulte was prapar~d

to replace the first capsule. This Irradiation was successful

In producing single diodes and four--element arrays. Tscapsl

is described In datail in Soction 6

gJ1';pAMEN TA.L7 rIE T H 0 DS AS OC I AT E S I NC



The successful gallium arsenide irradiation capsule included

several specimens which had been exposed with radiation dies to

produce four-element arrays. One of these four-junction diode

arrays was fabricated into a four-tPhannal fi3.ý, vriting head,

which was teated successfully on 35 ma~ Infrared film. A mimple

f our-channel recorder was built and demonstrated. The rucorder

was delivered to the U.,S. Navy Underwater Sound Laboratory, New

London, Connecticut. This four-.channel diode array film recorder

is described in Section 7' so typical of larger arrays which can

be built.

A-'NPA~m;ASO ITEIC
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SECTION 2

Photochromic Film Recordin for Optical Correlators

- The work of this report 18 directed toward the optical

* processing of time-sequential information from an ar~ray of hyd.,)

-,phone heads. Each hydrophone head presents an electrical signal

- - continuous in time; the hydrophone arrsy may consist of hundreds

of such heads. It is desired to record all signals from the

array oequentially in time on an optical recording medium, e.g.~,

a photochromic film. The time sequence of signals from the hydro-

phone array is initially a space-time matrix of date. The optical

recording process convertd It into a two-Il imen. onal spatial

matrix, for example with the x-coordinate characterizing the

hydrophone array element and the y--coordinate (proportional to

- the film movement speed) characterizing the time point of' the data.

When the data is in this spatial matrix form It lis ready for

optical proc*358incr. The dato at each point can be considerd 8an

opaque spot In An othierwise transparent redium. In onalog

recording the optical density (to he defined below' of the sp r)t

will bo proportional to the hydrophonns element signal intensIty

repreaented by thnt spot at that point In time. In digital re r)r -

( ling, the spot will. be either completely opaque or transeparent and

VI'a series of siu-h tipotm. will ronotitut~e the 1,4nary representaftion

of the signal from the hydrophone at a point, in tirne. An analog-

to.-digital. converter will. encessary to digitaiz~e the hydrophone

signal.

The 8patial matrix of dat-a produced In thin3 way Ini suitable
for optical correlation procesning, e.g. ita ripatial frecjue~ncy

-~~ spectrum can be obtained ox Its utoCor1'eletion funcinolt

crogd-correlatiot- function with varioua reference pnttarns.

Thsee calculatio,,ns are necessary for the dettection, rorognition,

and c lesasi f ica t Ion p ro ce see aI n ueiing the hydr. phone ax ra y. Whatl

F 1AMENTAL 10D A rC5 1NC
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should be emphasized Is that optical. correlation processing Is

ani extremely eYrficient meanm for performing these calculations.

Por a two-dimensional matrix one can ahow that optical pro-cessing

io far more effective than digital computer processing, to the

point where many extremely significant recognition and classifica-

tion processes wlich cAnnot be attempted by digital computer

analysis are. directly amenable to optical correlation processing.

When results are needed in real time or in almost-real time,

optical p-ocessing is also of unique significance.

~ ~ The operation of such an optical processor depends on a

auitable optical recording procests, vhich will prepare the two-

dim~ensional spatial matrix, of' date which is required. The

recording process will require the following elements:

1. A photogr-aphic reveording film or other medium

~.A writing head capable of aimiultaneous recording of datt
'4In parallel coluwns on the film from masny i~nformation

-ýhannela
3.A hydrophone mIgnal dimtributor to trensfer thr. algnal

from each hydrophone to tht i~atcing channel of the
writing he-ad, with skgnml aplification or other input.
ma~tching to assure compatibility with the writingr head

Th 1. r pr, will aasess the practicability of nuch a Yecoording

system in. whIch -he recording me~dium If% photochromic. Chin and the

writing head A. a an srray nf lumineacent Eaeiconductor diodeta. The

l.M~e arraym conniderod hore will be made by neutron tranamutation

doping aince this technique prominees high denmity packing of

lumi~neiscant liodo8 wit) high optical power density per unit area.
The recording me-,Yium to be considered will be photochromic film

becaue itcan e re -tedly r-used, and therefore offerm the

pomvzl~bility oL' long term use with a relatively low volume of film.

i;also offeram t, p rcperty of high rteuolution qtorage of the
inf orma t ion.

~NfAMC N"IAL MErHO US ASSO C1AT ES. I NC.



".,'. I l ~ tt• i hl lm ~ H� R ocording M edium

A iPaat.Ocr'Al sttertelu ill cl•. t,noturtmd by having two Ltst0

\ (I 11Th)
tý.I tu Of s t, 1, maera to) chang frmoesaet h

Stat; A (Activation)

D( . )
A b uorp t ion

(Opttm Do n 1 ln , . y )

' S3Stato E (Blegiohinlr)

FI.l•,'l•,ur 1. Schematic Charkaoterl-stlC for

ar Photoc1'roeIC Ma teria l
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State A hies two ibsorption bands, as shown, one of which is

called the activation band and the othar the reading band. State

B has one absorption ba~nd, tailing in wavelength between the

activation band and the reading band of state A. This is called

the bleaching band. When in state A, if light in the activation

band Is absorbed, the material switches to state B. When in state

B, Ir light in the bleaching band Is absorbed, the material

switches to state A. In state A if light in the reading band is

absorbed, the !3tate doea not change. Hence this band can be used

ror senaing the state without changing it.

It Is apparent therefore that change of state can take place

either by activation or by bleaching; either of these bands can

be used for recording the infromation, while the senaing or reading

takes place using light in the reading band,,

The writing can take place in one of two ways. (1) Initially

the material is in state A. Activation is used to convert it to

state B, and the absence of the reading 'band indicates that the

film has been written upon. (2) Initially the material Is in

state B. Bleaching is used to convert It to state A, and tha

presence of the reading band indicates that the film has been

written upon.

The important properties of~ photochromic film as an optical

rezcarding medium may be autmarized under the following headings:

1. write-read-eraae modes

2. spe,,tral transmittance and spectral abaorpt' -n

3. sensitivity of optical density changes to en :.,gy input

14ý reversibility

5. spatial r-esolution

6. thermal. fading rete

Tone oe properties will now be brie~ly described.

FUNDAMENTAL MiETHODS ASSOCIZATES, INC.
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The important characteristic, of photochromic film is its
ot ability to change its optical density in a reversible manner, upon

the absorption of optical. radiation o1f specified wavelengths. The

thermal fading rate is slow (minutes to hou~rs) and the spatial
resolution can be high - theoretically in the 100 angstrom range.

The optical density of a film (typical films of transparent

plastic are of tLhe order of 3 Milo thick) is defined as

optical denalty D l og --- log
12 T

where 11 i3 the Incident radiant flux and 12 is the transmitted

radiant flux. T is the transatittivity of the film. The film will

be conuiderod a transparent medium in which one looad photochromic

compounds (either in the bulk or on the surtacc) in various concen-

trations. We uhall measure radiant tlux in watts or ,&llliwatts per

cm

Very often the optical density D Is expressed In decibels:

D (in db) 10 log 10 log
12 T

The optical deriznity of a plhotochrzomiuc fimwill vary aa a function

of the wavelength - usually oxpressed in millimicrons or J
-of thto incident radiation, and of the energy depooited (expressed

2 2
in joules per cm or millijoules per cm ) as a function of wavelength.
A photochrom-ic fi'lm will uaually have at lsast two wavelength ranges
with opposite behavior: An activation wavelength range, within

which the absorption of energy will increase tho optical denaity of

an initially transparent film; and a blea ching wavelength range,

*within which the absorption of energy will decreane the optical

donsity of the fills., Uoually there will aleo ba a neutral wavelength

FUNDAMEN'rAL METIHOD*.) ASS3OCIATE,. INC.



rnge between thle activation range and the bleaching range, in

which there will be no effect on the optical deneity, The activation

range will uaually be in the ultraviolet or deep violet-blue, while

the bletching range will usually be in the green-yellow, orange-red,

or infrared. For a typical photochromic glass, Meg1a* gives the
following ranges:

Activation: Between 330 mo and 400 my-A
Neutral: Between 430 myA and 530 mysA

Blea ching: Between 530 m,ý and 630 any

The existence of these IVhree wavelength ranges, whose optical

effects arG widely different from one another, are the basis for

optical recording on photochromic film. The activation wavolength

range and the bleaching wavelength range have oppooite effects.
The nout~a1 wavelength range permits a probing boomn or probing

f'unction which can read the recorded date without writing or

erasing. There are two aysteas of re~cording with photochromic filin:

S stm
Write: Uses the bleaching mode

Read. Uses the neutral w'avelength or probing function

Ervase Uses the activation mode

Sysftem 28I Write: Uses the activation miode
Read: Uses the neutral wavelength or probing function

Erase: Uses the bleaching motde

Since isolid st~ate writing hands with high bit resolution

can be mai~de in the bleaching waveivlengths but not (to date) in

F the ultraviolet activation mode, only System 1 will be useful

for optical computer applications.

t ogal'o 0J. K pticel Propertico and Applications of Photo.-
chromicý alnas AppliedOptics, June 1966, P 94i5
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Spctal Transmittance and SpectralAbsorption

The spectral transmittance is given by a functional relation

between optical density D and wavelength A of the form

D ;D( A-

This is called the activation spectrum in the activation range,

and the absorption spectrum in the bleaching rmnge. It can be

measured using a scanninig monochromntor in conjunction with a

xenon arc lamp. The optical density can be measured with a

densitometer. Tne saturation optical denaity will. depend on the

film thickness.

In the activation range one can express the spectral transmittance

as an activration curvet

D A D A(X

In the bleaching re'nge one can express the apectral transmittance

as an absorption curve:

The bleaching effect at any wavelength will be proportional to

the optical absorption at that wavelength.

In measuring spectral Granamittance the probing beam should

have mi r)dmal1 activation or bleaching effect on the film. TI e

film, on the other hand, should have a strong effect on the probing

beam. When t~here Is a large difference in transparency between the
bleached and activated (unbleached) portions of the film, a large

signal-to-noise ratio (high contrast ratio) will result. This ia

Important In detection of the optical signal.

Typically, the spectral absorbance im measured by pasaing

light from a 1600 watt xenon arc lamp source through a monochrometor.

One then detectn tho change in film donaity with a raditometer.

FUNDANI ENTAL METHODS ASSOCIATES, INC
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* ~-i. enaitivity of Optical Density to Energy nkt

The sensitivity of a photochromic filmu to the radiant energy

deposition is given by the functional eolationship between D and

the logarithm of the energy input E, where E is the optic&2.

pow'er density in watts per cm2 multiplied by the exposure time.

Thus E Is measured in joules per cm2. Ilie slope of this curve

is denoted by -C:

A log E

In both the activation range and the absorption range, -4 w I

vary between 0.4 and 1, depending on the f ilm and the waveleagth.

SSome typical photoohrouvic film sensitivities can be cited as

follows: F~or a 1 db change in optical density the energy density

required is or the following order for the most sensitive films:

"icvation -~ 3 to 15 icm db

bleaching NJ 0 o50 m cm 2 db-

In comparison, conventional photographic film (ASA 32) requires

1 lumen M2 fo 0.25 asec to obtain 6 db. At 55 .lmna

is 0.161 microwatts per ow2  In 0.25 ae- the energy deposition

required isi 10-4 r- i0 cm 2 for a 6 db change in optical density,
-2an compared with 18 ij em- for photochromic film. Thus photochrowic

film Is about 10 t1 fie a leoanIsensitive than conventional photographic

0! ~ This lower sensitivity can be accepted however, for Lvny optical

recording mpplications because of the many advantages of photochromic

film, specifically its reversibility and its high renolution. The

important consideration is whether it is sufficiently sensitive for

optical recording with available high resolution writing heads. Thus

the matching of high resolution writing heada to the phot~ochromle

film bensditivity Is the iaportant recording criterion.

FUNDAMENTAL METH1ODS ASSOCIATES, INC.
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It is important to know the photochromic sensitivity to
optical density change which can be easily measured. With a
spectrometer one can easily distingulah an opt~ical density

change of

D 0.02 db

(The human eye sensitivity in 0.1 db.)

Thus, even if the energy density requirod for bleaching
2 .1were 10 joules cm 2 db ,the sensitivity of the film~ for reading

61,a bit would be only 1/50 of this or 0.2 joule per cx'tA2

Reveratbility,_Spatial Resol.ution, Thermal Fading Rate

Photochrordic films will have to be operated for' hundreds of

hours without degradation of properties. HIence, reversibility

fatigue is a very i~mportant problem.

Spatial resolution of images appears to be much better than

for conventional film, in which resolution in lim~ited by grain

nize. In conventional fJ~lm the limit of resolution is 100 to

500 lines per mm, equivalent to 1. to 10 microns. In photochromic

film the limictation Is molecular In size, of the order of 100

angstroms or 10--2 microns.

Ther'mal fading rates of minutes to hours have been obser'ved

a,,. rooii temperaturea for photochromic films, depending on the film,

At refrigerated temperatures the thermal fading rate Is Nmuch slower,

FUNDAMENTAL METHODS ASSO%ýiATES, I NC.
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2.? Luminescent Diode Writing Heads

Luminescent diode writing heads have a number or potential
advantages for recording on photographic film: The luminescent

V~2 F-N Junction* area can be in close contaot with the film leading

to efficient utilization of the radiant energy. 'rho radiant power
density produced by electrical pulses can be appreciable, of the
order of millijoules per anfor short pulse lengths. The size

of the Illumiinated region can be a few square mlls, small enough

to achieve a relatively high packing density of information on thes
film without requ~ring optics. There is also the potentiality
Ithat each diode will have a large operating range in which the
vadiant energy output will be proportion~Al to the current, making
it possible to ope:7ate it aa an analogue ricorder aa well me a

- digital recorder.

Another impnr' ant consideration is the possibility of fabricatirg

lualnoscent diodea in array configuration. Since many recording
channels are required along the width of the film, a linear array
of diodes ise needed. Neutron transmutation doping wee selected as

a promising method for fabricating a luminescent diode array with
relatively close spacing in a single step.. This doping method,
which is described in detail in Section 5, has the capability of

* fabricating a linear array of P-N juncti4oA. of almomt arbitrary

a lumI~nescent diode array produoed by transmutation doping. One-

FUNDAM~E~NTAL METHODS ASL-OCIATES, INC.
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2.3 Specifications for a Multiple Channel Recording~ Systema

ýd The specifications for a multiple channel recording system~

include the followings

*1. Number of channola:- Each channel will consist of a row or
spots along the length of the film. Thus the number
of channelsi must fit into the width or the film, which

o ',y'. ill be taken as either 35 = or 70 mm.

2. Audio bandwidth per channel:- This will be a few thousand
cycles per second.

3. Sampling rate per channel:- IE'vA-h cha~nnel. miast be samupled
one or more timom per secoi~ for each cycle pevr second
of bandwidth.

* 4. Film width

'<15. Filmi wid~th per chanrel

6.Film speed

7.Spacing betweenk time points on the film

8. Total recording time f'ov the ioystem using a single
reml of' photochroaic film

9. Total, length of film required for th total recording time

10. Number of repeated cyclings required for a 1200-foot reel

ideal Syatem

A set of Ideal system specifications can be culculated for a

1200 channel aystem. A 6000 Hz bandwidth per channel is desired.

* if one samples the signal and records at a rate off 3 samples Per
lip of bandwidth, this will lead to a sampling rate of 1800 per

"Mtsecond per channiel. On 4 35 om fill, this will leand to a width per

channel of' about 1 ail., At a spacing betwean time points of'

Vi 1/3 oil this will reqaire a filim length per see~ord of' 18000 x 1/3

n -ml 6 inches per aecond.

FUNPAMENTAL METHODS ASSOCIATES, INC.
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A total recording time of 30 days will be assumed for the use

period of the system with a 1200 foot reel of photoc~hromic film.

ThIs will require a tota~l film length of' 1.5 x 1-0 feet~, The
1200 foot reel must therefore be re-used 1250 times In the course

* of the 30 day period. This is almost attainable with one photo-.
chromic rmaterial which was investigated,

-Diode Ara OptimiumPsraxeter5

The best diode array which one can expect to fabricate
reliably by neutron troansutation tochniques will haey an inter-
diode spacing of~ 9 mills, gi&ving .9 300 channel. array over the width
of' a 70 mmU photochroxic film. The zainizum spacing between diode

lines in the direction of film length will be w~et by the minimuma
junction dimensions~ nor~aal to the film,, which are approximately

2 mils by 2 iailla. If one selects a bandwidth per channel of

3000 Hz to be aampled twice per cycle per second, this Sives a

sampling retv of 6000 pe~r second per channel. F~or a spacing of
two mile between recording points the film iepeed per second must

be 6000 x 2 mile 12 inches per second., For a 30 day period or
use one will therefore require a to~tal film length of 3 x 10 6 feet,
The number of re- use cycle* required for a 1200 foot reel of photo-

ehromic film will therofore be 2500. This In at least 3 timtes
greater than the maximtkm number of' cycles over which we could operate

the best photochromic material.

Diode Array. Achievable Psrameters

We now consider a diode array fabricated by transunutation

4 doping wtnose properties are more representative of what can1

achieved st present. The inter-junction spacing (141dth per chiannel)

is 27 mile leading to a 100 channel array for T0 mm photochromic

film. The spacing between recording points In the time-point
sequence on a channesl will be taken an 8 valls, mince this is tho

width of the semniconduotor wafer on which the diodo array in doped.

FD1AME 1,A~ .1.HD N8OITS IC.
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- ~Again we assume a bandwidth off 3000 Hz per channel, and iff two

time saaiplea per Hiz or bendwidth are recorded, one obtains a total
off 6000 sample pointo per second in &each channel. Since those
samzple points are 8 mils apart, one requires a film speed off

- 6000 x 8 mile or 48 inches per. s'ond. In s total use timae of~

30 days for the system this leads to a total film length of
~ Cet. Wth e1200rootreel& film this requires that

the film be re-used 10,000 times. Since the best photochromic
material excmined did not permit more than 800 cycles off re-use,
it in clear that thim system~ cmnnot be operated for the desired

30 day period with the available pl~otoohromic mnaterials.

VIV4U.It appears likely however thct in the future, Inorganic

photochromic material-s will be available which will permit this
Ae

numiber off re-uses. It is therefora of interest to point out
(Section 2.14) some off the detailed consitderations on which this~

analysis is based.

F. .- ,A E TL EH D SOCAEIC
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2. System Design of IRecordin Photochromic Film for

ii Optical Cross Correlator

In order t%) utilize photochromic films In an optical cross

correlator as a high-denaity rocycleable memory, certain physical

conditions mu~st be noet. The density or total amount of information

that oari be impressed upon the film must be sufficient to meet

overall system requirements. The sensitivity of the film to the

recording light must be aufficiently high to match the frequency

and power output of availabl.e activa~ting and bleaching light

sources, cri surficiently invermitive to the reading light so that

PP,, the Information may be tranateorred to the coherent light with

acceptable degradation. The lifetime or number of cycles of

activation,, bleaching, anid readout process is an important con-

aideration, perhaps the most critlcgl. Thk aaiu hyial

requirements upon the photochromic film are not independent. The

sensitivity detarmines the ultraviolet exposure which therefore~

will be shown to determine the degradation.

Other properties are likewime of importance. The rth'.ckneSff

of the film required to obtain the 3ensitivit-y limita the renolution

and therefore the information capacity of the film. The var~ition

of Index of refraction with changes in optical density auat be

ainiwal to avoid al %1L fee-'rigj tht coherence prope rtieB or tho loner

beam used for readout. Changes in index of refraction would require

the introduction of an index-ma tching liquid gate.

~vs~m~s~n as Rel&ted to th. Photochrovic Film

4 .in the coharenL optical croon correlator* the photochromic

film wvhich is tho heort of the syntem,, to involved in two stapm:

a writing step and a readout step. The writing atop puti; the

'.4 .information receiaved by the overall aystem upon the film. The

reading atop taken the informaetion frota the film arid transfers it

to a coherent laser boomi which bubsequently parfor-As the cross-

correlation prooqdure. Thcae two stepui involving the photoch~rormlc

~I NR1A M VN T AL M TH 0D G AO GOCIATCS, I N C



,: film require three physical processes In the interaction of light

<•;a: nd the photochromic material: 1) An activation proceiss in which

.- •,.?•. the photochromic molecules absorb an ultraviolet photon and become

:',i•,•,i> excited from a colorless-transparent to color-absorbing state.

2:,• ) A bleeching process in which the film is exposed to red or

,,,••: Infrared and is retunred to unexcited state. 3) The reading

,•:•i%• process in which the film In exposed to light at a wavelength which

-': "•" leaves the state of the photochromic molecule unaltered. These

•,•. three processes deterxin* the conditions under which the photo-

•,)J: chromaic film operatez. The order in time of' these processes is

.••xi: determined by the systom design and the light sources available.

>.L'•',•-In the system considered here, the film is activated first

•:,,•:i by ultroviolet and tho• Information in then recorded through writing

•?•!• by means of bleaching. This mode Is chosen since broad-Brea ultra-

:•,:•, violet aourcen of any power outpuu:. are available while point
ultraviolet diodes do not exist. However,. red light-emitti.g

,••, gallium arsenide phosphide diodes do la<it.

',•v,,It la seen from the experimental datq discusaed In Section

'•.;',', that the most serious limitation upon the system denign Io Lie
ldegrdation of the physical chpractesrlstlhe of the rhttochromlic

mnterial Itself in the course o) norml operaation. Botes the

the photoch romic moperties and the tranumilrion chprhcteroatne of

the flI are flfrt-d and one m-ust domtgn the myste ttruider those

climitations. One a ust decidt froe tuch conslder-taons whbther .n

S ifract asnydt can be ded gnod at all to satesfy the operating

tcritera for a parthcular purpomu.

Photochromic Films

It determiTne bymthe system go through the ir tges of ultrravalablt

activo)tion, bleachitng by red light, reading by t~rnnasdseion of
loIser bethm. sFor theom c trps to be carried out, t te f fll r muat be

trynuportr d frol atorngd th i ror h the virioue optrcdl thu writhin

bymacond torfe bin. When thi film reichoe the bnd of the roll,t t

S vioy be rsound r nd o tarted p ge or aite avpparopribte mech-nical

N,,:,,' 0. A AM F N'T A L ým-•E T*H 0 1)6 AS•S 0 C I A T E 3 1 N C
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andw op ti osa . alIterstia .one, the oya5 ewi can be opoerated in the reverne

6'

¶11tto. lon. The requircments upon the film velocity in determined

A' by t.h, rnquiremento of the ystsm and thm phlysicel p.roperttes of

th, CI Ir, and the propertlow of multi-.-lement wrlting diodes. The

readl ing operation and the ultraviolat activation introduce no

x"rurtnor rontrl••ntt upon the eyste•. This orixes since broad-area

"uktravtlo]t. aourcs of nrarly any power mre available. The

:ompi I ty or the lJaer likewise to tranarisit and roceive information

"�- " in much greter than required by system specifications.

The rcqu k rements at the system &ire discussed In the previous

nect~on. It to¶ appmrent from this ans lysiv that reuxing the film

In Nuon(iiiva runs in Lnentiial. Thus thM lifetime, the number of'

cycl l hw th Mm let can go through while rotsining the desired charac-

l-tt. om, becomes cr1tic ally important.

In Santion I we report the detaled measurements which we

MdK on Mms rlar s However, the definition of a lifetime for the
"photoohro&,V V filim in aambiguous, depending upon the historyy. The

dsgr'dnt.ion of McuJlvlty im apparently a function both of the total

uni trvioniv exposure and the atmte of activstion of tha materiel.

This o•noss that continuous ultraviolet exposure would lead to a

shorter lif'etlme thenh determined through a cycling process of the

"uItravinolet exposur•. Thus one id=l3y ahould dotermine

the lifetime udor thc eonditions set by the syntei.

I¼¾All' W, ahali choose for reesions d1scussed below, a 3 db change in

the density of the fitlm, This choice is dictated by lifetime

oosaiderati.onrs. Thus a lifetime measurement ahould be one in which

'I."') t',he ultraviolet exposure is sufficient to cause a 3 db change

followed elther by blvaching or thermal decay. Measurements upon

'I',' VVL316A ,mminatrd glass give a rexult of from 800 to 1200 cycles.

-,S, The manufocturer reporta thst under similar conditions, 1800 cycles

wore achieved. For aorylic fillia the lifetimes were far loas. We

s. choose to con.sidar 800 cycles aS 0 rea•onable estimate. This

44,,)•".• 'ec t•loom by a factor of 10 than the cycling capability required in

.,;;% Nectioh 2."3,
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It haw 'been demionstrated that- r glase lardinate isi grectly

ouperior to the acrylic film. H1ower the use of glassi laminate
vsually precludes the eumployxvent of a continuous strip reelod and

u-iraeled so a~re the films. Glee@ laminate ahoat could in principle
ba employed through the usei of two right angle traversing.

wachanismau so Ithat the~ antiro surface is moved through the active
A' 'AA

area. This procedure is restricted by mechanical and space
I 3.iiaitationa. We therefore propooe 8 method which could take

advantage of both the properties of the glass and of' the acrylic
film. We suggest mounting the glass lamainate upon flerible belts

in suftficiently thin and small sections ao thvt the belt could be

&liven exactly as would Zlexible Vilm. The actu~al mechanical
t-.irrangezent to insure proper transport between adjacent facets

t-ould introduce sorae complexity. TI-us the longer lifetime of tl~e

glaas lami1nate~ could be employed.

Since the degradation lifetimne ia so Important, experiments
have been conducted in this laboratory upon the ponsibility of

increaming the lifetime far photochromic activity. It has been

oiuggested that the longer lifetiwe for the glass laminate as

compared to the acrylic filmi is due to oxygen being~ kept away frobi

the photochromic moleculem. A photochemical process involving

oxygen in the presence. of ultraviolet is a possible mechanism.
Therefore a comparison of lifetime of photochromic acrylic films

wa mtd in n~ormal atmosphare, vacuum conditions, and nitrogen

aitmzooph'ere. The rather surprising result w,,*ýs found that the

lifetime under- the three condition@ is the same. Thiss may be due
to one* of t.v casues.~ Either oxygen does not affect t.'u decl'adatlo'n

or also oxygen was still aupplied tý-o the photochroraein oleculea
through the nctioi )f the ultraviolet uPon the solvenit for the

~hooc~~mi ~w~lecU1es or from the acrylic film itfielf.

rU' N. F DAM ENTAL. M F ' 40D Z A 'aS 0C IA TES , IN C
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A Power Requirements for Writing Diode

'f'AWe have determ*ined for the VL316A glass that the power density

for a I db bleaching change for red light at 6000 R is l~4

millijoules/cm. ror a spot size of area 20 square mile, an
-4

energy of 17.5 x 10 millijoules is required, and for 300 channels

one therefore requires 5.2 x: l0-' joules per cycle. For 6000

repetitions per second one obtains about 3 watts of radiant power

required. Finally the maximum power for a 3db change gives an

approximate upper limit of 9 watts.

Wrt Mnj~ode

The writing mode requires that the photochromic material be

darkened by exposure to ultraviolet light to a desired density

and then transported to the writing station. The radiation from

the diode junction then blenches tho film. The amount of bleaching

that taken place depends upon the total energy delivered by the

diode, This will be proportional to the pulse height and duration,

the velocity or the f'ilm, the density to which the film has been

darkened, and the previous hiatory of the photochromic film. The

amount of information required as well as the scattering and

background fluorescent light also affect the bleaching reqUired.

In particular a requirement for ton levels of Intensity per channel

sets up atringernt conulderA-tions upon the intensities employed and

the allowable cross-tblk and as well on the density and background

fluctuations. We have Imposed the condition in order to allow

practical liretive that the dynamic range botween activation and

bleached densities abould be no more than 3 'b. This Is to be
* divi-ded Into ten levels, the intensity change is only 3 db so that

fluctuatione in density or light Intensity mupst be such aa to give

a density of change in the film of no sorea than 7%. Thus the entire

process wtunt be controllad to 7.The entiro procoea inuSt be

monitored a& shown in Figure 3.

FU NDAM ENTAL KIETHODS ASSOCIATE'S, I NC.
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Digital representation in three channele splits the information
into three parts with a 1 db chonge per level corresponding to a
toler~ance of fluctuations of 20%. Thum the stringency of the
monitoring is greatly reduced. Since~ the bleaching does not affect
the lif~etime and the fila is irradiated uniformly with ultraviolet,
only ono measi::rement in required to monitor th~e fiin rather than
one at each cli ',nnel. To envure that the film returns to a~ uniform
condition it rwi be nacesmary to have an auxiliary bleaching station
before uridergo'Lng ultraviolot activa~tion. This eyatem requires
also that the 2iiUm proponrtiea are individually uniform over the

active area.

Another considorictlon involved in the writing mode is the
effect of the film motion upon the writing action. This t. a

function of both the filn speed and the durations of the writing

pulses. For a pulse of finite duration aA a non-.zero film valoci~ty,
the pulse would not produce a circular spot but a line of variable

thickness and density. This may cause difficulty, especially since

the pulse heights are varied. To mainimize this egi'ect offsetting

the image may be useful, Ho~wever the diode is to be opera ted in

close proximity to the film for maximum affect ao that offsetting

may not be practlcable. Keeping tho pulse duration constant and

varying only the height would give Pint, to relat.ively uniform shape

~othat it could be allowed for in the readout. An alternative
method would be to bring the film to a stop before a pulse;
this would add mechanicel complications. Halation. of the gaussian

energy distributions aaross the diameter of the spot would result

In the spot size increasing with beam initensity. This is unavoidable

and must be considered in the readout. The etffcts of variations

in spot aize and shape with intannity auat be investigated

experln~ntally under operating conditions.

FU NDAM ENTAL M IETH 0DS A SSOCýAT ES, I NC.
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'4' -Activation Mode

The activations or darkening of the film is accomplished by

uniformi Illumination by an ultraviolet long wave lamp through

lenses and slits so that only the area corresponding to the imege

size or the multi-element diode is expoised. The density chat e

anj discussed above may require monitoring at the beginning and

end of the -rocass. Either the intensity of the ultraviolet lamp

or the duration ot the exposure may be controlled to exactly

maintain thle 3 db dynamic range Independent of the history of the

film.

Readin Mode

- ~After the film is activated and written upon, it is transa-

ported to the reading station. The film in exposed to a laser

beamn of frequency about 5000 that does not bleach -or activate.

1%4o types of readout are possible, One is carried out by

scanning the beam across the 300 charintla so that the beam Is

modulated by the film. This modulated beam then transfers the

inf orma tion. The other method utilizes a spatially uniform laser

beam and transmits a pattern of light and dark spots such that

each channel Is displayed simultaneously,. The latter me-thod
would involve a mosaic of detectors as well as ci~rcuits adapted

*to simultaneous (an opposed ýo serial) transmission. This would

require new techniques but permit greater use of thle information

capacity of the laser beam and may be of some future interee&

Conclusion

We have described a photochromic aystem which appears

feasible for short opers'-ing periods of UP to 30 hours. Longer

periods would require Inereaued lifetivie for the photochromico

material. The film suggested In VL316 or equivalent, This

material is avnilable only as a glass laminate, which might for

example be mounted in narrow strips on a riaxible belt to apprroximate

the handling easse which is characteristic of roll. filma. Further

kFUNDAMENTAL METHODS ASSOCIATES, INC.



2-25

4'30

investigation should be directed to determiination of factors

which FiW'.tct lifetime of the photochroiiiic Awtorial. It has be~en

suggeated for example that oxygen may be responsible i'or shortened

lifetime. Discovery and removal of such fa~ctors could lead to a

"o., systemi with extended operating lifetime.

bT99
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SECTION 3
PhotQcwhroyaic Ma teria1o Aoeenmnt

The important characteriaetico or photochrowmic guateriaA. are
I 1) u reveralbility, 2) J to opectral rag. 3) the energy

density required for bleach~ing and 4) itzi expected lifetime in
cycles of uae. A program of maevuremerits wta carried out on a

num~ber of available photochromic materiale to determine these
characteristics,. 'rho measuremuents and reoults are deacribed in

this aact~ion.

I Photoettromic material sesaurewaents a~re described in Section
3..The reaulta are G~uwarized in Section 3.2. It was found

that only one available material had the spectral range and low

energy densi~ty for bleaching that in at all comtpitible with
14 . luminescent diodes. It wcw also found that the lifetime In

uce cycles of' the system is relatively limited.

The lifetime of the photochromic film ia limited by the

deterioration of the cheroical compound in the ultraviolet activation

process, Blear-hing and reading do not loead to the aging erfect.

12. Deterioration of the photochromic material is observed Aa a residual

darkening of the film, not removable through the blosching process

and apparently perma~nant. An the deterioration proceeds, more

ultraviolet light is required to produnce a gi~ven density change.

Eventuallyr the film io no lorwpr senaitive to either activation or

blesching light. Since the deterioration In proportional to the

ultraviolet exposure, the-minimum exposure compatibl.e with the

operating condition of the system is desirable. WJe have selected

a 3 db dynamic range for our aystes considerations. Measurements

on the UL316A film (the moot satisfactory) both for laminated and

acrylic films indicate an expected lifetiua of 800 cycles. This

means that the film in our syetem can be cycled through activiition,

bleaching, and reading fo! 800 repeti~tions while retaining the 3 db

dynamic ronge,~

FUNDAMENTAL. METHODS ASSOCIATES, INC.



Because of~ the imiportance of~ the limited 1iifetime of the film,

an excperimaental inveetigation was made of the poosi~b-i.1ity of

inreaming thins lifetime@ by changing the chowical ,a o~.n of

the pho,.)chrosic material during~ the activaition.. This is de~cribed

in Section :3.3.

iq ~ l
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3.1 Photochromic MateR~jiakeeparurament N1ethods

Quaitaive and quantitative neasureserits have been carried

out to inveao ilgate the photochrom~ic effect on various filw8 as a)

4 NV runction of wavelengt~h. The proportion of intereat aii the

behovior with intenaity at the wavelengths of activation, bleachin~g,

. and non-.destructive rtawout. ThA activating wolvelongthri are in the

ultraviolet and are supplied by a low pressure miercury lamp,,

Spectralight, Black Light, filtered to give only long wave ultra-

Thviolat tranamitted through the glass. The bleaching wavelengths
which havye been studied range from 575 w micron (center frequency)
to_.900 Ai micron. The desired. wa~velengths for bleaching are in the

Inrared 41rona 600 to 900 %a maicron. (These w~avelengths are emitted

by galli~um artgenide, gallituw phosphide~, or gallium areonide-phosphide

light- erAit tJng diodes,)

The photochromic fil~u inventiigeated ar'e supplied by American

Cyanamid and Varn-Light. Thc' Awwrican Cytintwid types 43-540, 43-5i4OA,
51-1A42, and 63-071 are polyester filme coated on one surface byj a

"'I' ~photachromaic com~pound. The V&ari-Light types UL-.2014A and UJL-3l6A

; ~are supplied as lamainated gJla*u with the coated film% mounted between

the laminations~ which do not Interferfe with the mltravioliet

activation.

*'" "' -Experimental1 Procodure

The film~s were activated through exposure to the Spectraline

ultrafviolet lamp. The exposures were for two iminutes, which was
a sufficient time to Produce saturation as d~etermined through

Z~"ThLremoval of all detail produced by provieue bleaching.

""' rFUNDAMENTAL METHODS A 1SOCIATES, INC.
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Blalaching was produced through tw1o distinct experizmentpl

arrangi~ants:

1. Direct illumiination frou the lamp through a red V.lter. The

lasips csed wer@ the Bousch and Loub Microscope Lamp with tungsten

bulb or the t2ylvanis JMovielight Su~n Qun II,4 The light waa filtered
witth a Tiffen Photer No. 25 (Red 1. Serios C color correction) filter.
The light was focussed upon the filis by a Iona. Thiui arrangement

posseamesI the advantese of permitting high intensities over a wide
runge of wavelengths. The filter essentially absorbs in the blue

end of the 8p~ctrus while tranwaitting the red-yellow.

2,, To investigate the wavelength dependence of the bleaching

proceaw, the Jarrell-Ash greting monoebroustor 82-421 in e~iployed1,

with /. and a disperaion of 33 1R/wa. The photochromIc film

iw placed at the exit slit of the monochrouiator. Since the

Intensity of' the light available at the exit aperture of the

rnonochremstor Is oitremwly szoiI as c ýnpvared to direct exposure,

only the 3ylv~nia ..an Gun with' a focuseing lens was ampioyed.

Aloo, the en~trance slit of the monochromatior was removed, riaduciMg
the wavelangth resolution of the zonochrometar. Long exposure

tibies are required. The z-ad color correction filter Is placed
boef'ore the entranice aperture to remove the cecona order spectra of

-the blue light. The experimental setup is shown in Figur, 4-.

Since the entrance slit In remnoved, the wavelength spread at the
exit alit is approximately 300 1~as calculated from the charac-

teristica fur'nished by the manufacturer of the monochromator.

Power Meacurements

The relative power is measured by an International Light Corp.
- IL600 photometer with a vacuum photo-diode calibrated so that the

response at 910 m rlcrions Is known to be 174 nicrowatts per cm per

aicroamp of photometer reading. A calibrated relative spectral

response curve Is furnished with the device.

FUNDAMLENTAL METH1ODS ASSOCIATES, INC.
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Dstailed results of the aeasureuents on the various photo-

* ochromnic films are given In Section 3.2.

Observations and Techniques

.0 ýNA series of measurements was carried out with American Cyanamid

films 63-0'(1, 51-142, 43-540, and 43-540A. The first film samples

~ had boen stored for approximately four months before any extensivo

testing. The reeponsess of the sample@~ to bleaching and activation

differed widely with respect to each other and with the curves

supplied by the manufacturer. Although bleaching was observed,

""N', it was noted only at high light intensities with the Sylvania

Sun Gun 11. The conclusion to be drawn here is that the samples

of' the films used were unstable with respect to time, i.e., shelf

life is limited.

F~ilm freshly arrived from the manufacturer was tested. All.

demonstrated bleaching effects with the Bauech and Lomb microscope

L~amp. However, 43-5*40A showed bleaching eft~ecta with white light

an well as with red. The contrast due to bleaching was noted to

rewzin after days in darknaaa. The best response wan ohown by

N ~film type 51-1142.

Airther investigation of bleaching was carried out with

the monochromator. In order to obtain suff-cetitniyi

a spoetrol line, the entronce lilt to the wionochrom~tor was rtemovad

while the exit @lit was replaced by a longer alit.Sicth

aperture was open the wavelength focussed on the plane of the exit

aperture. The bond of wavelengths about the center is approximately

300 or 30 rA kilcrono. The red filter waa used over the entrance

aperture to aliminate effect's from higher order speo-tra. Blea ching

masurements were carried out on fAmer'icrdi Cyanamiid's film type 51--1.42

at various wavelengths and varying t1.men of exponure (up to I. hour).

- For expodureg longer than 1 hour, hosting problektis develop in the
....... o, )r whc Lhan. re~quires shia Iding. Wavoe lngtheai tud bad

wie575, 600, 650, 700, BOO, and 900 u, VaIcrorua.

FUNDAMENTAL. MET1400S ASSOCIATES, INC.
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The relative power impinging on the f ilm through t~he mono-

chromator at settings off 575 and 900 x YnkiCrons were Mxeagur"ed by

the photometer, taking into account the respon~se curve of~ the

vacuum photo diode. This gives the expression

Poe 200 ma. photometer reading at 900 sensitivity at 5,7
Ratio 575 myi photometer reading at 575 sensitivity St 900

This ratio was ffound. to be 1.77. The power at 900 is therefore

almost double thnat~ at 575. The exposure tiuie to obtain approxi-

mately 3 db of density change at 575 in 30 minutes. When no

bleaching was obnerved after I hour exposure at 900 umy'" one

could conclude that the power required for bleaching ia greater

thar, four tivies that at 575. (The manufecturer gives a figure of
24I joules/orn for bleaching at 575 so that the conclusion Is

drmwn that the power required at 900 myu is greater than

16 joules/cm

Thuz we have se, an approximate lower limit of 16 Joules/=m

for bleaching at 900 mim with a similar figure for, the wavelengths

from 650 to 900 m p

FU1\,IDANLNTAL ME:,THO0$S ASSOCIATES, INC.
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A•.ivation; On ult .r~tV olot activation, the film changen from

voor1la-1ne' o to' purpla. Th an tIvo~t:ion deas~.yn wi thin 30 minutes
Woft.I" wh ic~h i t In Inselnitive to bleaching, HCowever, Ita

remlua colo r , a reddish hue, ramalne ror over 72 hora

Pl nhlw : B.l.anching oncun at 57"5 to 600 ,g At. 600 M.A

m I. h chonge vaquire,, an energy density of about. 15 mll joulao

per a.'m' trong b itohirg taken pKlace up to 650 MJA , but no

blh,•aohl ii, I ohnarved at 660 M.c None .tI obsrved from 7M.-

'Pho Idvcaiy or m•,• .n•Itivi.ty to bleaching In fWirly rapid.

,rt:,r' .0 minuties( froilr t'ima oW ultraitole,.t ac(.tivation, the bleac hing

Woo k''o sm~iall . venA ;though th color remin. rhtaJ givea rise to

R fo u~oC M reiprocity and( Inlcaiote that an im1prov*!ement of'

,,nonttlvitty should mrin..me when pulsed diodes a.re to be used

The mmteril.] f].orescenI under ultraviolet. This orarge

flurescence .Is an ind'ontton of saenitivity to bleaching. One

mmmplm bec.me .nmeti.vIe afte•r ev'eral cycles and a period of

Ntor'e; nndrx llkewle coaed to fluareace.

ThN.• film type eppoare to be most Sutmbeo of all photochrom•ic
astaximlem. tasted.

",. I ~FUtN DAMIE NTAL ME •.TH OD),3 ANSOCIAIE S. I NC...
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Mo~kf' )NA" r':bLi ,ht VL-204 Laminated1- Gleas

Activation: Color chango, upon ultraviolet excitation from yellow

to g'fy-black.

Bleaching? Showa no sign of bleaching at any wavelength,

The two sample? tested varied widely in characterletics.

ON One faded almost imm'ediately upon activation either by ultraviolot

or visible light, so it was impossible to determine if bleaching

occurred. The othar sample remained activated long enough to show

that no bleclhli- occurred. One sample become inactive after some
!5 V! teoats and otorage time.

This material is not suItabl.

'american Cyanamid 51-142

9.. Activation: Upon ufltraviolet exposure, color changed from

colorless to dark blue.

. Bleachin&: Bleaching tU.' •, place from 575 to 600 tiA' At

600 mp a 3 db change required 13.5 Joule i/cm 2. Between
600 and 650 my bleaching occurred, falling off with

increasing wavelength. No bleaching occurred from 700 to

900 MIA

1"The film retains sensitlvity to bleaching at times greater
then 1 hour from time of satiyption. The film suffers irreversible

change after exposure to Intense visible light. It alSo loses

sensitivity for activating and bleaching proccasee after cyclic

toot", retaining a permanent bluish color.

This film has bleaching proportieo above 600 m, but

rqquirez too high power densities to be useful,

. FUN DAMtE NT Al M ETN O D$ ASSOC.IATES, NC.
J4.`.•:& .' `• •-.`• ... I t*` 5j z.•%.•.-. `a• •`at '&t' S i'`{`•#:`; `•`7•.. 6 :$ ;• ? #• • > .~ a tg •.W '.W ' . . -t'i . '" '• ' -. .. .. r" • ' ... ..% -; . , • .. . . . ."...€
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American Cynarnid 43-540"

Acivationý Upon~ ultraviolet; expoaure, color changed from

colorlum to purple.

- Bleaching: From 575 to 600 wj the film is sensitive to bleaching.
A t 600 uxnAI or a 3 db clisng 135to~t/c~i required.

Betwean 60o and 650 m)ýs bleackling occurs, falling off with

incresaing wavelongth. Between 700 and 900 ukl no bleaching

occurs.

0,w, The film becomes iraenuitive within 30 minutes after activation.

Un~der ultr'aviolet exposure, dark red 'Iuoro-cence occurs. When the

activation properties of the film are deatro-yed, the ffluorescence

is weak or- non-existen~t. One sample had no response to ultraviolet

af ter one iwonth of storage.

'Phl filir ')leichea above 600 mi. u requires to high

power donsitleai for bleaching 'to be tiaeful.

ftaklrioar Cyanamid J43-540

ActivAttlon~ Upon ultrevioleL expossure, color changes from light

yellow to red-orange.

B 1. oh ing: No bleaching was observed.

This film loses sensitivity to activation after either atorage

or activation cycles. It retains orange coloration permanently.

This film is not suitable since no bleaching was observed
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American Cyanamid 63-071

Activation. Upon ultraviolet exposure, the film color changen

from yellow to blue-gray,

"Bleaching: From 575 to 60 u&yi faint bleaching takes place,

At 575 mp for 9 change of approximately 3 db, 20 Joulea/cm2

"in required. From 650 to 900 mwa no bleaching was observed.

This film showed diminished activation properties with storage.

Its bleaching action is weak. The material Is considered

"unsa tisifactory.

Conclusions

The conclusion drawn from the measurements dlscussd above

is the following: The Vari-Light type VL316A laminated glass
material appears to be moderately promising in conjunction with

the proposed use of gallium arsenide phoaphide diodea having a
frequency of emission varying from 600 mp to 70 my'A

4NM4
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3.3 Study of Ultraviolt Dterioratlon of hotochromic Activity

In Air, Nit2 1n and Vacuum Environments

It has been suggested thait the daterioration of photochromic

activity in various films we have tested may be, due to a photo-
chemical proceas involving the oxidation of the molecule in the
pretence of an ultraviolet photon. In order to examine this, we

7 investigated the degredation lifetime of the photochromic material
under air, dry nitrogen, and vacuum conditions to determine whether

the useful lifetime of the terial can be significantly extended
by chang~ing operating envi iments. The principal material. of

interest in these tests was the Vari-Light type VL316A material,
since I~t io the most sultable photochromic Vor this application.

order to determine the effect; of the various environiments
upon tfie lifetime of the photochromic activity, two experimental

methods were used. In the fiirst method the change In transmission
asa function of the total ultraviolet exposure time was measured.

That ia, the percentage change In transainslon due to ultraviolet
J activation from the completely bleached state wan measured after

fixed periods of ultraviolet exposure at constnnt levels of

intensity. The seq~uence of activation and bleaching by Infrared

or by decay is required. The film suffers an irreversible darkening

with ultraviolet exposure which was connected with the loss of

activity.

The second method, which proved supertio In practice, con.-

slated of visual observation of the activation of the photochromic

material through its fluorescence rather than through changes in

transmissilon. We have observed that in the VL316A photochromic
iiiterlAl there lIs a strong red fluorescence asoociated with the

optical activity of the film under ultraviolet exposure, WI-ich Is

FUND~AMENTAL METHODS ASSOCIATES, I NC.
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"V ~preaumably due to the activated molecules. Wien all traces of

this ftluorescence in gcove the filmis&I unable to be activated at

any intensity of ult'raviolet. Thus,, observing thiis fluorescence

permite the continuoue observation of the optical activity of the

fi~lm,

4 XFirst M4ethod

The experimental design for the first viethod Is tihown in

ligure 5. The laap im a collimaated tungsten source. The glass

filters (Corning) function to reiaove the bleaching or activating

elamenta from the tungsten lamp light. The chemical deaaicator is

of thick-walled pyrex wiLth a single pumping lead-through. The

%altraviolot lamp is a Spectra).ine Blacklight long wave type. ThAe

detector is the International Light IL600 photometer.

Tho experimaental procedure was to measure the transwisaion of

the sample -VL316A acrylic film - then exposing the 3ample to
ultraviolet for a rixed period of time at & fixed intensity level,

then measuring again for transmission. Finally the activity of
Lhe film wan permitted to decay o4- undergo a bleaching process

and the transmission was determined again. This was dona for

air-, vacuum (IOQ-200 microns) and nitrogen.

Results were not entirely conclusive. This was due to

the great reduction of ultraviolet transmi~ssion through the pyrex

- enclosure, to the bleaching and activating effecta of the tungaten
light which were not completely ouppremseed by t~he filter, by the

low intensities or the tungsten light whIch resulted from the use

of the filter, and to the geometry involved. However, no substantial

change In the activity lifetime of the photoch~romic film was noted

under the various conditions of environment.

-ll 9 3M:,!EI, A,,J S O A E , I C
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Secod M'ethod

TJ~he conditions under which th~e experilwent5 were conduct~ed

',t.wa~re a4 follows. Idonticta1 samxples of the VL33.6A ffilm~ were

prepatred and mounted irt the desvicator. Alternate pairs of .1ifo
toots, were %ý do in air and vocuund ,.ar and nitrogen. Th~e vacuum'
conditions~ wfere produced by a ~imchanica1 forapup in the range of

100~-2(10 slor" no. Befora *xpoyurw to ultraviolet, the deadicator

with tha. wwpla was pum~pod down to its fi~nel pressure anrd k-apt

""C>under vjacuum V~or.~1. hour, .inone trial the uemple was left for

36 hourn~ at 100 microns. The nitrogen atimoapher* was produced

by pumiping tho desslostor down to 1000 microns uaing a ml

F'isher vacuum aymtex., filling~ it with dry nitrog~en, then pumpin~g

downr again. This~ fluahlng, filling and pusping was repeated
10 tis~aw At the end of the fluuah~ig procewo the sample was

left. in the nitrogen. atmoaphore for 1 hour. It was then pumiped

down and filled with nitrogen to approximately atmospheric

proasure. At this point tha ultraviolet w~a turned on and the

life teat b-3gun.

~Ap Concluiwuons

No obzarvable diff~erence was noted and one must; conclude that

the deterioration is independent of whether the activation is

performed in air, nitrogen, or vacuum. Nevertheless, to definitely

establish the effect, one should perhaps fabricate the photochromic

chemical and film togethear in the proper atmosphere.

U ~AM f!TALME~THO. 0DS AS~SOC IATES. INC.> ~ ~'~ W __W "AIl"' __ -,
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SECTION 4
Power Co ibility ofSatkcnductor

Diodes With Photoohroiic Filmsa

It' Ifs pointed out In Section 3 that the bleaching, wtode in
photochromic films requires radiation In the 5000) to 7000
angatrom range. It ia also naesaary t~o achieve ain energy

densi~ty of' the order of 10 w11i~joules per cm* to obtain
bleaching, In this sootion we consider tho attainability of

""V. thhi waveleng'.1i and energy cdeneity with sem conductor luwineacent

diode arrayn whIch can be fabricated by tranawiutati~on.

Gallium arsanide phosphide can be produced to em~it at any

wavelength in the range from about 5900 to 9100 ~ depending

~'on its compoeltion. Gallium phosphide emita in the green, While

gallium arsenide emits~ in the Infrared, Yet. x denote the fraction

of' sroenic atomm In gallium~ arsenid* whIch are replaced by

.,"' "Vphosphorus to produce a 3-5 semiconductor crystal denoted by
GaFXAoi-,. Then the wavelength corresponding to the eivission

peak varlem with x approximately aN shown in Table 1. Hence by

selecting the Initial crystal coimposittion appropriately one can

obtain the luminescent emission peak at the desiired wavelength in

'Nthe ronge Prom 5900 to 9100 angstroms. This in di~scussed in detail
by Oersihen~on. From x=0 to xý:0.4i the meckinnism for

luainencence proceeds via a direct bandgap tranaition, k.--(0,0,0)

bandgap edge,~ while f'rom x.. 0.4 to x =1.0 the luxineacerice

"4.' proceeds via an indirect bandgap transition kz:(1,0,0) bandgap

edge.

Any semiconductor composition in the family GaF can
be doped in a junction array configuration by neutron transmutation
techniq'uee. At the beginning of this inveetigation It was intended

~" , to select a composition that to compatible in frequency with a

F'UNDAMENTAL METHO=ODS A4SSOCfATES, I N C
"*'r ýA . ~ " _
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~ ~' Table I

Batiate Waolnjqi;ýL~iaionPeak versus
I~L~ C )silton for Gallium~ Arsen~ide Phosphide

Fia(ct.1n oft As At"oa Eniergy of Emission~ Peak
Replaced by P toa(An~gstroms3)

010

0.2 8550
0.3 7450
0. 4 7000>40.5 6800
o.6 6650
0.7 6500
0.9 6100o
1. 0 5900

Note, These~ values correspcrnd to room temprotur~
In moot cases they are esti"ated values rather
than actually obeserved values.

Zx.*
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saisactory photochroxic rn&terts1. Whent it was found that no
k' -tieA

I photochromic material had a nufficiently long lif, cycle to
satisty the system requirements, it was daclded to conduct the

4' p.' \ 4pow~er comp#tibility measurements with the woat convenient and

most emsily obtainable "imiconductor material in this family,

S alliun arx-niusne.

Power Donit Obtainable from Diodes

It in important to detervaine the power density compabilility

of luminescent diodes with photochromic films, In order to do
ths n u4 is wauetepwrdnst banbefo

both conventional (diffused) diodeteand fromi transmutation diodpr,

For the reason cited above, the meeawurexients were made Tar gallium

arsenide luatuiescent diodes, An 1L600 photometer with a PT-200A

phototube (vvcuum photo diode) with an S-1 spectral response

was used jr, t~he sensing head. Typical data for the conventianal

diode and for the trsnsautption diode are given as follows:

Ii? The diffusion diode at 100 millia~eres produced a power

"4 ~'~" density of 1.43 imicrowatta per cm2 at a distance of 5.8 ca.

This corresponds to a total infrared output of 6 x 10' watt,ý at
?V -the uurf'aoe. The emitting area is about 1600 square mils. This

- corresponds to an optical power density of
64 4, WP~t5

.j 0P at 6o rflhliwatta per caP

4,5.T(e efficiency of this diode was about 0.1% In terms or

optcalpower out per electrical power in.

ATS
A,.. rt 4AX4 E



Tho transmutation Junction at 0 mi.llamperes poue

9 x 1.0 watto of infrared power at the surface. Its effective

emitting area w&as8 mile by 2 wails to give 16 square mile or
-4 210 cm .Hence itu power density was

P x 10) -at 90 milliwatts per =2

4 2~

Its efficiency was~ about 1/15 that of the diffusion diode.

Thisi i~s due to Its greater electrical rewistanee by about this

somie factor.

\~ ~ Vow the minimum energy density required for photochroidc

bleaching (at the appropriate bleaching frequency) im about 10

to 20 aillijoulea per cm2 F~rom thia one would conclude that

4 at the power densities measured for the luminescent diodes one

would requireo at leant a 0.1 second exposure in order, to write

on the photochrimicý film. However, under pulsed operation the

exuoUraur time can be greatly reduced, as pointed out In Sections

5 and 7.

"I"!
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* SECTION 5
Applcatin o Neuron ranmutaionTechniqtues

Neutron transmutation techniques can make a significant

contribution nthe development of multi-channel recording on

photochromic film by means of its capability for fabricating a

high linear density of diodes on a single wafer of semiconductor,

each diode having a small emitting area, An array of 100 diodes

~ over a 1 inch width of semiconductor wafer is an attainable

objective. This corresponds to a 10 all spacing between diodes,

each diode having a radiation-exitting area of' 5 to 10 square

mile. In the present program the more modest objective of a

30-all diode speciing was set. This goal was attained anid a rour

diode array with 30-mill spacin~g was made. The radiation-emitting

area or each diode was 15 square mils.

Transmutation techniques have thus been used In this work to

make an Integrated linear optical array fabricated on a single

monolithic slice of gallium arsenide, This Integrated device

includes all electrical connection points and all infrared-emitting

junctions. Furthermore, we have ý-hr wn that despite the small siz~e

and compactness of the diode array, a sufficient intinsity forl

film recording is available from each P-N jun~ction elemtent.

Such a high linear density diode array must be conformable

with an araniblo (r*--useble) photochromic fihim strip If a recor-

ding system suitable for optical computer appli~cations is to be

operated. This Involves matching of (a) the opectral character-

istics3 of the film and (b) the energy sensitivity of the filin,

to semiconductor photodiode arraym. A number of seviconductors

with a variety of spec~tral characteristice are availAble for

4'doping In high density a'rrays by trannniutation ttechni-quea. Th so

nemiconduxct~ors 1.nelude gallium mrsenide (infrared) gallium

FIJN~lAMNTAL MET.HO0 Fr ASSOCIATES. INC.
'.,',<'.*,.*vi A
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Table 2

Transmutation Ho'chanisam in Gallium Arsenide

Percentage Microscopic Macroscopic
Isotope Natural Absorption Absorption

Abundance Crome-Section Cro~a-Section
(barns) (emu 1

Ga-69 60% 1.4 0.016
Ga-71 40% 4.0 0.035
As-75 100% 4.4 0.10

A.: ~i-6 GaReaction flelr-Lif~e e

69 --- G ___20 muin

Ga7 ~72 14.2 hr G 7 2

75-7 76 _ 27 hr ~ 76

Note that a thermal nvt of~ 1 neutrons per on, would produce
aconcen~at.Io0 o oxio8 selenius1 Impurities per rm3 , and

3.1 10 atomN per cm3 or germanium.

FIN DAM E'N TAL N ErT1UC0 ASSOCIA T1--s, N c.
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P. 0 e n Nrtge WMi ciunople Ma~croscopic

6()% 1b' 0,016

0 A 13.00.035

P ~ I0,200. 004I 5

G¶ 46') 70) 20 miin -e 7 0

Ga7-0a4 2 114.2 dar

G r , th wizo n gie experimental1 da ta to nonrirm
U t. tiulfur ta a donor in gallium phoisphide.
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arsenide phosphide (in the red) and gallium phosph.-'de (red to

green depending ~.n the doping), In which tranamutation doping

lime been deosrtd

Trariuautation doping can be used to matte optical.-emitting

arrays in a number of? other ~aterisla In addition to gallium

arsenide. These Include gallium arsenide phoophide and gallium

phoaphide1 , both of which produce visible radiation. Table2

lists the transmiutation doping nuclear reaetions Irn gallium

arsenide. Table 3 lists the traniamutation doping nuclear reactions

J~. in gallium phosphide. These tables show the nuclear reactione

and the nuclear croso vections as well an the final transmutation

doping products. Gallium armanide phosphide has the transmutation

reactions and dopant products ahown In both tablow. The nuclear

cross weecionm are obtained by linear combinationi of the values

in the two tables, depending on the phosphide comiposi~tion of the

crystal.

Princip3.eB of Neutron TransmutationDopin$

A brief ,suw-fary of neutron trannimutation doping technology

will be given here aa it applies to galli~um arrsenide. It w~ill be

analogo~us for other galliumt c~ompound r~oiionductors, The prin-

ciplcos of V'~ranamutation doping ar* damcribad in Rfenez e2P

3,and 4 of the bibliography to this report.

0 Tho technology of' tronm~aut~ation doping m~y bc rifo

isummarized under the following headlhqs:

1. Radlotion dien

2. Radiation capaule
1.7

3. Rela tion between Initial .1. iconductor reeiritivi~ty
qnd neutron expostre requitred

4,Annealing procedure

5.Geomietry of tho dnped regions.

FU N D A M N T AL M ETH 0 )~ 9 . .-3C)C'I AT ES I N C
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Radiation Dies

Rdiation dies are thin enclosures of cadmium~ within which

the semidconductor opeciuwns Are~ contained during Irradiati~on.

2. A - Cadm~ium In a strong absorber of thermal neutrons and even a thin

layer (e~g. five to ton mile thick) of cadmium can exclude m~ost

of t's1 thermal neutron flux. A pattern or slits in Cabricated In

the cadm~ium by photoreaiet or metal atamping techniques. Thermnal

noutrono can then enter the semiconductor only through the slits.

The saptiasl pattern of trannsmtation doping in~ the semiconiductor

in thercKfore controlled by the alit pattern in the radi~ation die.

Mechanically, the radiation die conaists of cadmiumn bonded

to a copper or steel substrate for strength and rigidity. Copper

and stool are tranoparerat to neutrons.

feladationT Cap~sule

This is a steel box (a.g. 3"' by V~ by 7"') In which many

radiation die unita (each conainsting of the radiation die, the

4semiconductor %aterial, and holding framoo) are packid. The

U capsule to then inserted into a nuclear reactor for Irrdiation.

Our gallim arsenide irradiations have averaged 4 to 6 days,
corrampondIng to about 10~ nvt.

From the nucle~r proportion of gallium arsenide one can
ahow that emch unit or rivt leds to about 0.1 N type impurity

Inser'ted. In a unif~ormly irredlated specimen the final N type
'A concoentratIton CN is given by

0A. (nvt) C'

A-Za
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Whtra C~ Is the initial P type corcentretion. Thqe concentrations

are determined by the sawleonductor conductivity and mobility.

(These are usually measured by Hall effect and rev.istivity

measurements using the Van der Pauw technique.) Ami an example, if

GP is Initially 3 x i10 P type and the nvt is 10~9  C. will be

7' 10 type. This determines the finsi resistivity.

in a non-uniformly irradiated upecimen, i.e. within a

dj radiation die with a alit pattern, the important param~eter is
the ratio B/A, where

fB Trananutations Under Die

A Tranea.utations Under Slit

This usal~ly rangea from 0.5 to 0.1, depending on the slitI geometry.
One can then oiet up expk-essiona for calculating CN under

the die and under the altit which will depend on the spatial dis-

tribution of the flux &nd cn the slit geometry. One wants a

change in sewiconductor type (P to W type) und~er tne slit, and

no change in type under the die. Such detalled calculations

will be presented for gallituw arsenide in tho next section.

Annei~1in Procedure

After irraliation the gallium arsronide in intrinsic (very'

high reaistivitý) bacau~s of radiation da~mage detecta. These

defects are next removed by annaealing,. leaving only the trans-

wutatiozi-indui~ad e;oncentratliow In addition to the Initial

doping. The annealing Is done In vn atmosphex-o of areenic at

tomperaturen or 6000 C to 8000 C ft~r a ohort time period.

......... F U NDAM iNTAL M1ETHODS ASSOCIATEq. INC.



5.1 Design Considerstione In IPabricating an Optical Arra~

*in ".ransnutable Saiwiconductorn

I A The following coneiderstiona apply to any memiiconductor,

in particular to gallium comapound semiconductors, whicn can be

doped by transautotion. In order to prencnt the discussion in

concrete terme howe-ar, we @hall speak specifically of~ gallium

arsenide. The reader will reali,ae that the design consideratione

can be directly recast in terme of each of the semniconductors

/ previously enumerated.

Similarly we shall speak specifically of infrared radiation

which is produced by gallium arsenide. It will be understood

tha t visible -optical ro~diation In tha gveen to red range will be

produced by the other vseniconductoro.

It will be asauned ,,hat a cleh,,r-through doping configuration

produced by neutron transmutation techniques will be formed in

gallium artmenide. The gallium arsenide will initially be P type

of some specifled resistivity~, It will be irradiated for a

"A' certain nvt (neutron exposure, neutron density times velocity

timen t) through a radiation die or specified pattern. Thus the

principal process variables are

1) Initial resistivity of gallium arsenide

2) nvt exposure

3) radiati'~n die pattern.

The effects of the process variables on the geometric and optical

parameters of the array, which determine its infrared emitting

V~n' caraterstis re ne asJor area in device design. The second

major area is that of electrical and thermal respon~se of the

arryIncluding the problem&, of 1) attachment of electrical

FU N DAMENTAL, M ETý40 ASS~OCIA'TF, INC,
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connction~s, 2) encapsulation and heat diswipation considerations

and 3) mechanical design of the writing heads. The geometric

and optical parawaiters will be discusued in this section, while the

other irr&mdlstion techniques and se~fiiconductor proc essing techniques

- wILil be diacuesed In the next section..

Ma.or emphasis in this program has been~ placed on the first

area: the effects of the trasmautation doping process variables

on the paramieters of tho diode array. The following parameters

of the array are important in determining its infrared recording

characteristics:

1. Dimensions and forn of the emitting P.-N Junction
regions in each diode recording channel

2. Spacing between diodes or recording channels

3.. Intensity of the Infrared emission from the
individual dioden

It io important to not forth the designi possibilities in each

of these areas and to consider their implications in terms of

the tranamutation doping process variables.

Dimensions and Form of Doped Regions

Some t~tpical doping patterns which can be considered for a

I-..linear diode array are shown in Figure 61

Pattern 1 ahowm alternate stripeB of P and N type regions
normal to the surface and extending clear-through
the slice

Pattern 2 shows rectangular isolated N typo regions normal
to the surface (and extending clear-through the
slice) within a P type bulk which In hold at a
common electrical potential. The dimensions of
the Isolated N type regions may be selected, e.g...
they can be squares. Alternatively, the bul~k
region can be N type with the isolated regions
P type.

FUNDAMENTAL METHODS ASSOCIATES, I NC.
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'~N iN/ /N -N type regions
J / 7. '~P type regions

.Cal.

-- contact leads

Alternate Stripe Configuration

Pattern 2

N. --/..&N type rectangular'
- regions

.~. (clear tA-uough)

V ~com~mon lead to P type
vr~.9L~ base re~gion

'.4 .',Rectangular Isolated Regions

Figure 6Tranernutatior' Doping Patterns for Diode Arrays
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in Pattern I each junction stripe (the boundary line

~ between an N and a F type region) reproaants a writing head,
rhe writing hand Is excited by p'lacing an adequtite forward

bina acroass this individual Junction, Note t~het oach junction

Ins electrically isolated from all other junctions, and can

therefore be separately excited. If' eLsch reglon io 30 mils

wide (a reasonable width) a totfAl of 33 junctiona would be

present per Inch to serve aa, writing heads~.

In Pattern 2 the bulk P type somicondoutor would be held

at a comm~on potontial. Each isolated N type region- would be

reverse biased relative to the bulk material in the rir-write

mode, and forward biased in the writa-~mode, i.e., when infrared

emuission takos place. However, this pattern requires twio P-N

junctiona - those ourrounding an N type region - per bit.

Therefore this pattern is less uaeful and the first pattern will

be ueed.

Figure Z. shows the use of a Pattern I doping configuration

as an array of writing heads,.

~Api~l%-Btween DiodeNi on Recordtn~ Channels

The minimum spacing attainable between recording channels

will depend on two considerationez

1. the remolution of doped regions attainable by transmutstion
techniques In gallium arsenide

U~h2. the effect of diode dimerlsions arnd spacing on obtaining
adequate Infrared power emission ror film recording

The problems of obtaining high resolutioni between doped

regtons in a reprolucible maniner depends on a number~ of factoirs:

FU~nAMENTAI- METHODS ASSOCIATES, INC,
'U~ .... .... .. ~ ,*
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(1) Irhomognltie in th irliith nominal doping~ of the

galliuma arfsenide. A 10% random variation in the doping

cen ealily be tolara~tod. However, depeinding upon the
sourece of the Initiml P typo~ waterial, a considerably
higher doping variotion nay be prenent biA nominally
homogeaneous ga~llun arsenide, since the purification and

crystal growth technology has not yet approached that of
silicon and germanium. Compensating techniquen can be

uaed in the transmutation doping process. 11hese will be
described.

(2) Microscopic spatial variwtion of the neutron flux pattern

across the. radiation~ die. Thie spatial variation is con.

siderably affected by the radiation die pattern. It can

be analytically pred~.cted and experimentally observed,

(3) Spatiol resolution obtainable in fabrication of radiation

die&. This resolution con be obtained In the range of
10 mils. However, carefuli and painstaking techniqu-e3 are

necessary for consistently reproducible results in the
radiation die pattern. Eve~n a 30 mil pattern in a cadmium

radiation die raqUirem a considerable davolopi'ent effort
for consistent results., We have obtained multiple doped

regions separated by 30 mils by welding a ccmaposite
radiat-ion die of cadmium~ and steel as discu~aed in Section

5.2.

(~4) Attachment of electrical contacts to the gallium ar-senide

doped regions. The roll ~winL. two-atep method has proven
moit useful for contact attachment:

*,*~ Ia. Evaporation of i.Atumn alloys to the contact areas.
Z4-:I This evaporation iikes place through a photo-etched

metl ask 1di-,..,i-zncIsused for contacts to
P type regions, i'ndium~-tin for contacts to N type
regions.

b. Use of a rnailhead-Lbonder (Kulicke &Soffa) for small
area contacts to the avaporstod alloy contacts

A m~ore detailed description is givai- in Section 5,2

''At
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Intensity of Infrared R•iaion

It has been ohown by the experiments described in Section 3

that; it inivium energy density of 10 to 20 iulliJoules per cm2  is

necsas•ry for bleaching of the moat 1,nsitive photochrrointic

,material available to us,, It has been ahown in Section 4 that
typical gallium arsenide transmutation diodes produced energy

denaitits of the order of 100 millijoules per em in one second.

On the baeis of this data one can predict that if similar energy
densities could be produced at the required bleaching wavelength

(550 to 650 0 ) one could bleach an appropriate photochromic

mterial. with a pulse whose width in 0.1 millisecond to I milli-
second. The detailed energy balance can be made an follows:
(It should be remembered that this calculation assumes that a
gAllitwt arsenide phpaphide diode can yield the sa•me luminescent

v .. power as a gallium areenide diode):

The efficlency of a gallium arsenide transmutation diode is

"approximately 10 as cohpared with an efficiency of l0- for a
comparable diode made by diffusion. The l-ictor of 10 difference

is due to the higher resistances which are obtained in the

transmutation diodes, The area of the P-N junction writing

surface of the transmutation diode is 1.6 square milsa 0 cm'o

Consider first a 100 milliampere current at 10 volts for 1 second.

This consumes 1 joule of energy &nd produces 10 Joule 0.1

millijoule of infrared, leading to an energy density of

0.1 milliJ1oule l02

I'Dll cJoule/cmm

which is 50 times the min ui enaugy density. Thum a 20 milli-

second pulse (1/50 of a second) would produce the required

bleaching effect. Now if the pulved current were not

FLUNDArMENTAL METHODS ASSOCIATES, INC.
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100 ma for 20 millioseconds but
5 amperes far 0.4 avilliseconds

the energy donsity would be the 'same. Thus one could bleach
t with a pulse' norrower than a millisecond.

Capacitive discharge circuits were tested tor writing on
infrared tilm In very abort time periodsi. In, Section 7 we
show IR tilms in which writing was carried out In a traction
of a millisecond.

ID M NALAtI"SASO ; ý.IC
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5.2 Irradiation Tenique and Ex~perim~ental Methoda

The irradiation techniques which are uved in the transmutation

doping procese are the following:

1) Fabrication of the radiation die

2) insertion of 8eamiconductor specimens into the
U radiation die in package form

3)Insertion of the radiation die Rti ka~a into
a radiation capoue

4) Insertion of the radiation capsule into the irradiation
facility of the nuclear reactor

5) Specification of the irradiation time and unnitoring
of the neutron flux

6)Disassembly of the redtation capaiule

7)Processing of the transmutation-doped senic,"nductor
crystals, '2his inicludes

Aninea ling
Measurement of concentration changes~
Evaporation of ohmic contacts
Electrical lead attachment
Packaging of the diode arr'ay

Thave techniquesi will now be described in detail.

FabrIcs-tion of the Radiat-ion Die

AA ten mil thick cadmium layer was used to shield OUt tht!§iM~l

neutrons from the semiconductor, since this layer thic~kna~s gives

almost complete opacity. It was decided to use muechanical fat.,

rication techniques rather than photoresint methods ror the Virst

-~~ capsule, mincoi no extremely narrow alit wi~dthe were requirea. Two

configurations were selectod for the first capaule:

A 80C TE' N
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1. The half.-and-half configuration, in which half the

mei~conductor is shieldod and half is unshielded.

This configuration yields a single P-N Junction at

the boundary of the cadmium.

2, The multiple-diode array, in which alternate stripes~

of cadmium and ctain.less steel are attvched to a metal

ba~se of steel or copper. This configuration yie~ls a

P-N junction at each Interface betvieen cadmium and

non- cadmium.

These configurations were first made by spot-welding steel

spacers (10 ails thick) to a steel base with appropriate

spacing. Cadmium foil 10 mils thick was then cut to the

appropriate disansions and were forced into place between

the steel spacers. Two steel spacers were also welded across

the pattern to serve &3 reference surfacon. Two Identical

steel plates with the cadmium and steel pattern attachad to it

constitute a radiation die. The dimensions of' each plate are

approximately 1 inch by 1 inch by 50 mils. Holes tire drilled

I~n these radiation lies for subsequent at'achentoth.

Anoth'er techniqua was alao used to make the radiation dIOEs

A pattern of auccessive linear grooven woo first pressed Into a

lead plate. The grooves were than filled with cadmium srp

cýut to B1e,, Two key grooven were alro pressed Int. the lead
plate to hold steel key bars which would serve as reterence

"¾ ~surfaces against which- the semiconductor specimen would fit.

Bothi thene tachniquex were adequate. flowever, the mecond

technique (pri~aning of a pottern into load) lia conaidertby~r

economical in fabrication time.

N: '
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,,~. .~,It should be noted that steel, lead, a~nd copper are all

substantially transparent to~ neutrons in thicknesses of 10 to 100

wd.la. Only cadmium is opaique, &cnd hence the pattern of cadmium

and steel is effectively a set of alit in an otherwise opaque

- radiation die.

Insertion or Semicon~ductor Into Radiation Die Packages

The semiconductor specimens Pre cut to the desired size,

either by wafering or by cleaving, A cleaved surface is more

efficient for subsequenit infrared emission. One or two specimens

are then insert-ed between the radiation die halves. The radi~ation

die halves are held tightly togot~her by wiree and metal clip

springe. The assembly Is wrapped Wn aluminum foil and is called

a radiation die package.

Radiation Capsule,

* ~The radiation capuule consisto of a metal box or of Wa~l

platen between which the radiation die pacicogea are placed. The

function of the radiation capsule Is simply to facilitate handling

and to provide mechanical~ protection. Two to four packsge5 miay

be placed In a capaule. Although the Irradiation takes place

under water, neither the packaget nor the cepiulo In made water.-

tight;, since the water in necssary for cooling purpo~se. A hook

in~ attached to the radiation capsule for handling purposba.

irrodistion I'oceciuve

The radliation capnalle is placed at a pro-planned ponition on

a shelf~ of tho IBSF irradiation f'acill ty. This facili.ty conalsta

* of' a large water tank just outaide the core of' a nuclear reactor.

"10
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Al).t.hough Lim imt~ ,1.rn fl ux I n t~he 1 r radi d'etIon loat ion has been

pravIoun Iyr mnppeO, it In exped ient to monitor the flux during,

Ir rmtd i ~ n" hy I nm e t- t nu;oba it moni tor wi r'es beforehanrd, Mch .b

veno lh' rnmovmd d uringr~r the coutrni of the trrudiattior. The c tiva -

L.io In L he w ires9 cafn be counlted to giver s mnassurYtomet of the

nvu tron Mum. AL leant~ one much flux rea~ding in rmade during

eachl I r'rsd im 1on. Although the fluxes ara' expected to be of the

ord~er orP ).0 ' o 1. 4 x 10.L n Wn GMC W te perturbat~ion

pv'odtirii by th vr~ a tion capibui (a.nd by other nearby ubJ#;ct

be lg I riadl a td) can ~i~gnifticant;1y reoduce the flux by 10% to 50%.
T Im Wisi~I to mi reqcuirem~ent for a longer' irradia ti~on time,

N0,1f lcp t.ton of 1Irradiation Time

Whon the ne~utron flux ham been measured, one can select the

i1rradiati~on time ceu~tred to Woert the desuired charnge in N type

1.rmpurl1I~y c"'nc~ontrE~tlon. I'at 0, be the nuclear crorae nection

or' tranonmuta 1..1on - a ma croso~p3 qua nti ty wmee ured In CMaf which

I noludon both thermal1 neutron trunamutm 'Iorio and non- tharna1

rrsnm~iuJ tmf~innn The~n one hasa the re l~ation

Wave lur the neutron Atux, t is the Irradiation time, and

!\ to i the des~ired c'hange of dopant concentration In the namricon-

ijuc or, Oince ' N, r and ar Yn' k'ownT, thim oquation
permtaltf tpecificationr of tho irradiation timie.

Inatead of relying solely on flux monitor w~.rea to measure

the f1lux we have used galliumi arsenidc, opecimeno themselves an

wionitoro. These aomilcanductor mionitors m~ust be attached1 to the

capoula An such a way that; t~hey' can be oernily remsove3d. They tre

then 'road hy meamauri~ng the c~hange in cocnrto INN produ'ed
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by irradiation for a apeci~fic time. This concentration change Is

determined by measuring the Hall coefficient o~f the material

(see below). This method hau the advantage that it includes the

cf~fects of non-thermal as well as thermal tranu.mutationr, It was

therefore used ext~eneively in th~is work for both shielded specimens

(completely surrounded by cadmium) and unshielded specimens.

Disassembly of the Radiation Capaule

Disassembly of the radiation capsule is done in a hot cell

because of the radioactivity of thei capsule components. Detailed

lnetcuctlons on this disassembly must be prepared for the hot cell

operator. The semnicornductor specimens have miniffal radioactivityv.

Galliumi arsenide 8pecimienc can be sent by common carrier one week

after r'emoval from the Irradiation facility. The other capsule

components have longer-lived radioactivity and must be dispoaed

of at the reactor site.

Processing off the Trnam~uutatior-Doped Semiconductor Specimens

When the semiconductor specimens are received after

irradiation they are irsrt checked for rudionctivity, then

chemically cleaned. An annealing process is then carried out

to remove radiation damage. The anneal-ing proctis Is done am

follows: The gallium arsenide is placed in a quartz ampoule

with excess arseni~c to prevent evaporation of areenic from the

semiconductor. The ampoule In ovacuated and flushed out with

nitrogen. This process to rqepeated several tiaics to flush okit all

Ithe oxygen. The ampoule In thesn sealed off ard heated for about

1/2 hour at 700 to 800 C. This retnoveg the radiation-produced

defects.

FUiNPAMENTAL MF.Tk-,'Q)S ASSOCIATES , INC.



Concentration changza in each doped region are meaeured as
'q . AM=s One first cuts the individual regions of the semicon-

ductor' apart using a diamond enw. It. A nnessery to have fairly

precive referenci~ng of the individual regionu in order to specify
............. how each semiiconductor specinen to to b(R cut, Small ohmic

contacte are then placed on the periphery of the out regions.

The technique for mnaking ohmtic contacts on both P and N type

specimons iA described below, The Hall coeffIcient of the material
is next measured by attaching electrical. leads to the ohmic

contacta and eettin% the specimen in a known magnetic field. The
Van der Pauw technique Is used to meaeure the HAll coefficient.

From the Hall coefficient. the net electronic, concentration can be
calculated directly. The difference betwoen the post-irradia tion

concentration and the pre-irredia tion concerntra tion given the

tra nsmuta tion-induced concetration, A

Ohmic contacts are attached by vocuum evaporation onto the
apecimen through a mask. The maak is a thin steel foil, about

1 mil thick, In which a pattern of holes corresponding to the

specimen region geometry hW been photoetched. F~or N type
gallium areenide, the evaporated metal Is an alloy of indium and

tin In 80-.20 ratio. For P-~type gallium arsenide an 80-20 alloy

or Indium and zinc has been used. These alloys generally give

ohmic contact.

Electrical leads are ittached to these contacts by thermo.-

compressioni ball bonding. The namiconductor specimen is mounted

on a f'hitpack microelectronic package and the gold wire leads from

the ball bonder are attached to the flatpack terminals.

The diode array Is encapsulated in epoxy with only the

radlation-.eritting end expoaod. The epoxy la loaded with beryllia

(beryllium oidod) with high thermal conductivity for good heat

distilpationý This assombly Is attached to a metal heat oink.

FUND~AMENTAL NIETI-40 ASSOCIATES, INC.



SECTION6

Irradiation Exeriments

It had originally boon planned to perform tha Irradiations

for production of the diode array writing heado in the Oak Ridge

Reactor, with which we have extensive experience. Two capsules

were planned, one capsule to produce individual diodes and some

small arrays (five junctions or less) arnd one capsule to produce

larger arrays. However, after the photochromic material studies

were completed we were Inform~ed that increased usage of the

Oak Ridge Rleactor by Oak Ridge National Laboratory would make

scheduling of experiments extremely uncertain. It was therefore

decided to use another available reactor, the Air Force Nuclear

Te~st Y1 2cility (AFnTTF) at Wri~r.,ht Patterson Air F~orce Ea8se.

The AENTF ia a sawimming pool"s type of reactor,. very similar

In design to the Oak Ridge Reactor, except that it operates ati

a lower power. It was planned to perform the irradiationts in the

BSF facility outside the reactor core. This Is a large water tank

which In placed adijacent to the reactor veessel. Nsutronfs, both

thermal and fast, stream into the BSF from the reactor proper.

The specimens to be irradiated werv -Nntined within an aluminum

or oteel capsule (the irradiation cak.sule) and placed on a shelf

at the inner edge of thBSF. The structure of the BSF is8 very

similar to the analogous water tank in the Oak Ridge Reactor.

It was thought that a preliminary monitoring of the neutron flux

level would provide the date necessary to determine the necessary

irradiation time. A flux monitor capsule was prepared. It

disclosed that the neutron flux was approximat~ely 1, x 10~

ncm 2 sec 1,about half the value in the Oak Ridge Reactor.

This ind'icated that the irradiations could be identical. to t1hose

in the Oak Ridge Reactor, with the exception that the irradiations

would be about twice an long, i.e. about 20( houre as compared

with 100 hours in the Oak Ridge Reactor.

FUNDAMENTAL METHODS SS)CA S I iNC.
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The first capsule wtis prepared and irradiated. It was found
however that the gallium arsenide specimens had all been over-
irradiated. Not only tied the origti'iAy P-type unshielded region3
been converted to N-type2 , but the ahielded P-type regions, which
should have remained P-type were also converted to N-type.

D!'t~ilad analysis of the first capsule specimens showed

* "' the reason for this over-irradiation. The cadmium ratio of the

j. ~,* neutron flux spectrum in the AT'NTI' is 9 to 1, as cýompared with

>139 to 1 in the ORR. What this meana is that the non-thermal

(higher energy) par-t of' the neutron flux spectrum is significantly

higher in the AFNT? thiin In the ORR. This is particularly

Important for gallium arsonide which has neutron absorption

resonances at the higher neutron energies which are present in

the A~NTP Th igni icce o' telwr cadmium ratio in the

* 'AiAFNTF is presented In detail Iinx Section 6l.1

Once this point was reaili.ed,, a flux monitor capsule wrs

prepared to measure this effect quantitatively. Resultii are

given in Table 4- for a 100 hour capsule and in Table 5 for

a 1.5 hour capsule. The mignificant resulta are the transmutation-

induced concentrati,)n 6N. The reeults indicate that for each

100 hourie of irradiation, a AN of

(a) 3 xl0~ cm 3  Ja produced in gallium arsenilde completel~y
shielded by cadmium

(b) 7. X 107 cmn is produced In gallium arsenide which is
completely unshielded

Tho ratio of unshielded to shielded concentrations is 2.5 to 1,
as compared with values of 6 to I which were obtained in the

Oak Ridge Reactor. This means that for each 4.5 X101 M~

dopant atoms producad by thermal neutrons, there is an additional

3 x101 cm produced by the epithermal neUtroris abnorbed by the
gallium~ and argenic resonances. The excess opitherjrao neutrons

F UN E A EZN T AL M E T H 0DS A SS C IA TE S I NC .
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are present because of the higher energy apectrum in the AFRTF',

The first irradiation capsule contained gallium arsenide

with 'Initial P-type concentration of 5.6 x 10' cm- expostsd

for 200 hours. It was expected that the unshielded regiorna

(slits in the radiation die) would experience a AN of'

AN 2 x 4.,5 x 10 17 cm 3  9 x10 17cm-

Thus the original 5.6 x 101 P-type concentration would r'onvert
to (9-5.6) x 0o 7 =3.~4 x 10 1 7  N-type. The ohiellodA-ýn

were expected to experience a AN of 1/6 x 9 x 10' -5 x 10~
to give a final P-type concentrat-,on of

(5.6-1-5) x101 4. 1 x 10~ c& 3

However, the large apitharmal spectrum gives a &N of

3 X101  cm for each 100 hours even in the uhlelded region.

Hance even theae regions are converted to N-type by an amount

(5.6-6) x loO1*7 0.4 x 1017 CM-3 p yp

It; Is for thin reason thnit Capsule 1 was over-irradiated.

Once thin point was clarified, one could select an irradiat~ion

time to make ',he desired diode configurations in Capsule 1.

Cl~p~ule 1 was vedone wit -An appropriate selection of the

irradiation time. This Is described in Section 6.2. The diodes

were properly dopedl, including a LI-dioda array which was made into

an infrared writing head. This writing head is described in

detail In Section 7.

FU NDAM5NTAL METHODS ASSOCIATES, INC.
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The selection of the irradiation conditions for the success~ful

capsule is described in Section 6.2. In Section 6.1 the effect

of the cmdmium ratio (high epitharmal spectrum) of the A1F4TF on

70 gallium~ arsenide tranamutation doping in discussed.

A41:
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6.1 Effect of the Neutron Flux Spectrum (Cadmium Ratio) on

Transmutation D~oping in Gallium Arsenide

The following exprossion can be given for the N-type

transmutation concentration from either gallium or arsenic in

gallium arsenide:

TT +T (

T,- ( (08 6 ~T

where cr~ macroscopic thermal trarisrtutati-m cross section in c

St product of neutron flux times time

Cx ratio of epitharmal neutron flux to thermal neutron
- flux

GT thermal f~ux depression factor of the irradiation
T capsule

resonance absorption integral (in the neutron energy
range of 0.3 to 1 ev) of gallium or arsenic

The cross section valuý:s are as -A.1ows-

r~ (galli1um.) 4.7

0-(arseniic) 0. 096 cm-1

'T~* T(arsenic) 75

rU D rA N A fA M HQDS ASSOCIATES,. INC.
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Th e 0'- value is relato~d to the cadmium ratio (desPiga ted CdR)

of the reaotor Iflux spectrum by the following approximate

extpresolon:

oc - 0.82

2(CdR - 2)

In the Oak Ridge Reactor irradiation facility the cadmium ratio

'139 This gives an OL va lue of

Thus the relative values of' the three term~s In equation (1)

f'or arsenic are (assuming 1/'T 0 .7)

A AN oT .~*57 4 .019 + 0.09

Theref'ore the thermal trariFmutatione predominate in the Oak

Ridge Reac.~r.

In the AlNT1F irradiatio~n location however, the cadmniu~m ratio

was ciaterniineci to be only 9. Thim gives an' 04, value of'

53.85 x 102

The relative values of' the tering in equation (1) 1-or arsenic

are now

"N 4,44

AN t 0,57 4 0.10 v 0ý

FUNDAMENTAl- METHODS ASS3OCIATES, I NC.
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- ~Table ~4

Data on 100-Hour Trradiation

Flux Monitor Capsule

Flux reading within radiation die 0.9x 1o3 g sor

* (from cob~lt maonitor foil)

Unshielded gallium arsenide AN 7A4X 1017 cMf3

Completely shielded galliumn arsenide AN 3.0 x 101 CM3

Table 5

Data on 15-Hour Test Irradiation

.44n Flux M~onitor Capsule

Specimen Type Initial FinalŽiK iConcentra tion Concentration N
(x117 cm 3 ) (x 1o7 -n3) ( o17 cm 3 )

CUnshielded 3.' p (P) 1.5
D Shielded 3 (P) 2.5 (0') 0.5

G Unshielded 3.5 Mp 2 (P) 1.5
A Unshielded 0-7 (N) 2 (N) 1.3

U'' N .



Table

~ I. Date on 60-Miu .j~.Action Arrays

"0. Capsule 2 lrr~didatJior

* Specitmeni I Specim~en 2

Initial Concentration 4.8 x lo (P)) 5.6 x 10o p

-F
tinal Concentration under 1 N . 01 N60-mil unshielded slits 4.0 x io1'() 25xi 7 (N

6N, Unshielded glits 1. o7 8ix017
(transmuta tion-induced

"z' ~~~~~concentration)8.x10.1x0

Final Concentration
shielded regions1, 107() xiY'()

AN, Shielded Regions
(tra namuts t in- induced 3.14 x 107 14.2 x 10~

concentra tion)

~r~A4~NAL. M~THP~A A~tOCIATES, INC.
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I' ~Thus the non-~thermal transmutations constitute about hailf

of' the total. in arsenic. In gallium the ratio isa about one third.

When one adds the transmiutation effacts in gallium and ar'senio.

together one finds that about 40% of th* transmutations are due to

non-thermal neutrons. These calculations explain the date given
In Table 4-~ where it is shown that completely shielded specimens

(which display only the non-thermal transmutations~) obtain 140% of

the AN that is found for the completely exposed specimens.

The data of Lal4may be analyzed as follows:

Let;, x the ratio of transaute tiong; above the
cadmium cutoff neutron energy (about 0.3 ev)

41~~*to the thermal transmutations

Then the rsitio of transmutations in a complately unsihield-ed

gallioi-' arsenide 3pecimen to one completely Ghltolded hy cadmium

i- Given by

uriheddtaAualn I + X
nahlelded tranenutainnx

F?,om Table ~-one fInds this ratio to be 7-1t/3. Solving for
x one obtains

X 2/3

Table 4i also gives the thermal flux measured In a rAdi1-ation die

which takes into account the flux depreseion by the cadmiumr pattern

with a alit in It. Thin is an Important quantity In predicting the

required i-rradiation. We wish to derive a flux depres~eion fnctor

fromr It. This can be done na follows:

Ftrat one asks what Is the unperturbed thermal flux 9f. (We
already have the perturbad flux 5, 9 x 10~ 11 CRm Sec - r rom

Table 4- The ratio of the two Iis the flux depreasion factor.)

! avtinfien the following (,quation.

F . V 4 i CA

ARM &VI,



'Vo t (1 i x) 7.4~ x lo1 cm3

The right hand side Is the transmutation-induced concentration
in the unshielded specimen of Table Cr. is the thermal

transmutation maecroscopic nuclear cross~ section, 0,15 cmf for

gallium arsenide, and t lo the time 100 hours 3.6 x 1o~
seconds. Inserting these values and solving for one obtains

12 -2 -
Vr8.5Xl10 n cm'" sec1

Tlie thermal. flux deprtssion factor is therefore

"--- 0.7
xi12

Actua~lly this valv~e in Inexact because the flux value measured
12 -2 -e1

by the co-balt wire (5.9 X 10 n cm se includea non-thermal

abaorptions. Since the cadmium ratio of cobalt roil Is 9 to 1
.12

11% of the 5.9 x 1() Is non-thermal arnA the th~rinal fl~ux is
12 -2 -1

5.3 x 10 n cmn sec .Thusa the corrected thermal flux
depreasion factor as

53x 10i 0. 6
1 112

ANote how much mor-e effective the non-thermal flux Is In

causing, tranSMUtatlonns than thoý thermal fl'ux. In t~hia location

the unperturbed t~hermal. neut~ron flux la

8.5 x 112 n 2 -

while thn noyi...hermtil neutron flux la onl.y about 1/10 this valun:

FUNDAN .4 ENTAL. METHODS ASSOCIATES, I NC.
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,Pw ~epithermal flux Z0.8(5 x 10l n cm- e2

This we know Miom the cadmIurm ratio (9 to 1) of ths flux.

Nevertheless, the thermal flux produces only about 50% more
tranamutations than the epitbermal flux according to Table t

'Thermal flux produces -7)43) x 1017 cm-

44x 101 cm 3

Epitherrial flux produces 3 x 10 17 cnf 3

This is because of the large &obsorption resonancen of gallium

and arsenic and because of the low cadmium ratio (relatively

high apithermal flux) of 0~6 irradiation location.

It s .Interot~ng to teat the consistency of the data of

Table Itwith the 9 to I value measured for the cadmium ratio.

The ratio l+x/x can be expranned in te.--.3 of equation (1)
VIA'of this s@,ction:

0.8 1.60 + 6.5 V

and arsenin. Inaerting Wh value x 2/3 obtained above, one

finds3

54 0.8 8 N01

2 8. f'

giving a value ( 0. 067 . This compares with the previousl~y

cited value or 0.0585, obLainod rrom the mommrurad cadmium ratio.

FUND~AMENTAL, METHODS ASS~OCIATES, IN(7.



1'hlm I4~ givon~ mn w Laroi.tac met ot da t tokenin In ~15.-hor

I I a ¶'. 1c . '1tv dat IndicatLe, t~he r'ati~o of transmvutati oni--

It uonr-¶ coion rni nna (Unzmh 1 e de LO ahiol~dod) may be as ig

HM t~ I aLo 1, nnc,,ve o t~he SA to I ratio of Tmbla It

F') tMC wull ii vrvrrlpqnd to ~M b( van nr. pf C' o (VO The m~ar. of'

CPM two~a MUM 0iv ~~~C.05C and U. U&7 compa r~a Pavorah ly with thei

cifr" vni1ur nr c. m7m obta inns rrorn li cdmium~ ra ti o. The

dtrf~r~nnO' III WOMO~a betwean Taibl 1'?I -i d I, can ba at.tr'i~buted

to vn0Lln Wd'I1 'r' th, flux un2I to unearta int~ica in iWho concenmtlaton

U'Co N L)AM g14 DI l 0Q Tr !
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"6.2 Selection of Irradiation Condition.

The basic: data for selection cf the irradiation conditions

in the auc' 83.ful captoule can be restated from the nnlysin of
Section 6.1. This data is the following'f

1, Por each 100 hours of Irradiation in the location used, a

,aliium arsenide specimen completely shielded by cadm~uium

experiences a tranamuta tion.-_Induced concentr& tion change
-'~~17 -3Sof 3 x 10 m N-type.

2 .For each 100 hours of irr'adiation in the location used, a
""itgalliu arse"nide specimen complete ly unshielded by eadmiltuim

expierlCnoe a tranemutetion.-induced concentration change of

Ii 4 x 1017 OM- 3  to 9 x 101: C- 3 N-type.

3. Within 6 0..s 1A wide slit in a (10-mil thick) cadmium radiation

die, the t.hermal neutron flux is 0.63 of ito value for a

"complete ly unshlelded Lpecimen. For different alit. widths

one can calculate similar va.ueNj on the basis of the radit.-'n

die geometry. If one d.-notes this inverse flux depression

factor by 1/' one obtains the valued of .55 for a 45 mil
spaclng ari .50 for a 30 mril spacing.

U••lg these three data items, one can calculiate the ratio

of tran mutatlons Induced in the slit to transmutationE induced

iunder the cadmium. .Ir one hundred bourn tho tranamutationa

induced under the a lit in the radiaation dle are

3 X 10 _.. ('y, .. 3) x 1017

/wher ()11 0. for 60 mril slits In the radiat.ion die, for

which e xp•er hrent.tiI date iu given .In Tablmu , , The c•lc:ulated
y, rat;i o ot' transnmutatinns under Lhe a.lit to those under the vadmIum

k. MA ....

i- ,6'4NTL ME [ ' d3O~AE~
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S..... I0 7 107

3 x ~ 0.63 5 10O~

3 x 1001

We have used the lower limit, 7,4 x 07 Cm' 3  figure for

transmutationa induced in the unshielded specimen. If we had

used the upper figure, one would obtaln 2.25.

The ratios implied In Table (A are In good agreement

with these figures for 6 0-mil slits In radiation dies. For the
initial concentration of VL8 x 10 one obtainn a ratio of

2.6. For the initial concentrction of 5.6 x 1017 one obtains

a ratio of 1.93.

The irradiation described by Table to took 120 houre,
This selection of the irr•diation time was made to satisfy the

criterli that

1) In the shielded reglono the gallium arsenide must
remoin P-type

2) In the regions under the slits the gallium areenide
must convert to N-type

Since the material won ini.,ially P-type, the first condition sets
an upper limit on the irradiation time. For example, in the

,4.8 x 1017 cM-3 P-type material, 120 hours would be expected to
a d d1 2 0 3.7 - 3
--- a 3 x 10 cm = 3.6 x 101  C
100

N-type impurities, to bring ita final concentration to

(4.8-3.6) x 10 CW- 1.2 X 1017 cCW3 P type

The actu&A final concentration In this region woo 1.4 x 101i mCC3

Note that another 50 hours of irradiation would have converted these

regions to N-type, thus eli•.lruiting the P,.N junctions.

F W N DAM E NTA L MET E OV 0 D S ASS0 C9AT LS, I N C.
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In the ragionN under the sli~t the tranamutstion-induced

concentration is expected to be 2 to 2.25 times greater than

In the shielded region. Using the 2.25 figure one would

expect a ANW of

'2AN 2.25 xx 3 X t017 cm-3
100 hours

8.1 .t1 7  -r3

The actual ANN was somAewhat higher as shown in Table A~

Since this concentration In N-.type, the original P-type

concentration of L1 .8 X 1017 in coiiverted to N-type. The

final N-.type concentration is expected to be

(8.1-4,B) x 10 17 cm-3 m 3.3 x 101 cm- N-type

A The actual value wan measured to to 17 x 0- cf N-type.

A longer irradistion timi~e would Increase thim value, but

if the irradistlon time were sufficiently shorter, i.e. lanq

than 70 hours, the region under the slit would not convert to

N-type and no P--N junctions would be formoed, These are the types

WAof consilderationn Involved in selection A the I rrTdist~ion time,
as depondent on the WIWIt~ concentration of t~he material and the

trainsmuta tioni chara ct~eristics In the rea ctor.

F UNLDAINLNTAL MCITHODiS AGSOCIATES, I NC.
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SECTIO14 7
Fabrication of' aFour-Cha nnel Di ode Array Ftili Recorder

The successful gallium arsaenide irradiation capsule Included

neverai specimens which had been exposed with radiation dies to

produce foux'-alement arraya. One of these four-junction diode

arrays was fabricated into a four-channel film writing head, which

was tested successfully on 35 mm 1.nfrered film, A isimple four-
channal film) recorder was built and demonstrated, The recorder

was delivered to the U.S. Navy Underwiater Sound Laboratory, hlf-w

London, Connecticut. This four-.channel diode array film recorder

will. now be described as typical of larger arrays which can )e

.47 built.

The Junction specing In the diode wea nominally de lgnt~d to

be 60 mioi~. Irregularities in the radiation dies lad to some

irregulari ties In the s1pacings. T.'hree of the Junctions were more

X etficitent than the fourth, This is apparent in Figure 7 whic

shown film exposures.

Fabrication of tho di~odes from the doped array in performed

an followa: The P-.type regiono were massked and a dot pattern of

silver- indiurn-tiln &lloy ties evaporated onto the N-typo rerionn.

The N regions were then masked and a dot pettern of silver--lndlunm-

zinc alloy wea evaporated onto the P.-typm region. A f t e ba klngW

tht: evaporated contacts At 575()C for about 10 minutea9 the doped

wafer was cleaved Into 50-mil. wide regions. A thermocom~pression

bonder (Kullcke & Soffa, Inc,.) wais used to connect the evapeirated

dot e'. )otricaily into) a atandard aticroelectronic flatplick. Th -.s

bonding le lAona at, 500 C undar forming g~a. if fox'ining gea V9 not

used In sufficient quvntt~q, an oxide b~uildia up on the gallium

armanido. This oxide layor provides a 1(gakage pot~h acrozis tho

Junction In forwarl bias, as4 well as In reverme bias, and thereforo

~o-wers the high revo-t-ae vol tage cepability. Care- shounld be takenl

to provent formation oV thlo oxide layer,
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In order to demonstrate the use of the array as a writing

head, a mounting apparatus has been built. The diode array is

mounted on a 3/8" by 3/8" seven-lead standard microelectronic

t'letpack, which was cut in half to permit one surface to be flush

with the diode array and the film. The array lies flat on the

base or the fl~atpack, thus setting the exposed writing surface

of the jlunctions at 90" to the base of the pack. A diagram of

the flatpack mounting arrangement is shown in Figure 8 The

Infrared radiation Is therefore emitted through the cut end of

the pack as shown,

The writing head Is mounted to place the large area face of

the diode array wafer at right angles to the film. The exposed

writing surfaces of the junctions arc thus parallel to the MRn1
... .. and In direct contact with the film. The dimensions of the dot

recorded on the rulm are about 10 mils by 14 mils and the four

dots are n~ominally 60 mils3 apart.

This mounting arrangement was achieved by placing the

flatpack contalning the array in a fiatpack socket mounted as

followij: The flatpack socket was cazt in half Pnd fastened to a

2" by 2" by 19" ploiogianss block. Adjuntment screws were provided

niý to makel smalli modifications in the orientation of the diode array.

The pla)(1gla, blook wma mounted on a base which permits it to

pi~vot on the aide of the block opposite the fletpack. Springs~

were I etdon the pivotis to permit the block to be raised wtbln

the I~ m is a~~dvanced. The springs permit the pressure of the

cliod .r~ yon the film to be adjusted. Tracks are fastenod to

hep:1e Jeias mounting base to guide the motion of a 35 fm fI)

strip.

Figure 1) is a photograph showing the diode array (dark)

mounted on the flatpack (light, with wires) set Into the flatpack

isocket normal to the film .Figure 10 i.9 a alide view photograph

of the writing head -with the, diode array detached and placed In the

M. ILWe 4L4 2el _ IA r E 0 ae



foreground. Figure It is a photograph of the writing head

A:'apparatus with its control box. Figure 7 shows some recorded
dot pattern~s on film. These have been intentionally overexposed

to make them more visible.

Th~e control box for the array is ueed for addressing the

Individual junctions of t-he array. It consists of a box with

six single pole switches. Theme gre alternately connected to

the two output poles on a double pole double throw switch. Thus

one can choose the output from the addressing unit to be +-+-*

or *--+-.The outputs go to the alternate P nnd N type regionm

of the diodes. Thus the Individual Junctions may be either

fori' rd-biased., reverse-biaaed, or not biased at all.

The diode array woo embedded In a heat dissipating beryllium

oxide resin after the photographs shown above wev'o tak~en. Exposures

were first made at 50 milliamperes (about 1.0 volts) for one second.

The power supply should be current-limited (constant current supply)

A- to prevent high current surges which might destroy the array.

The writing speed of this device with infrared film is

veey fast. It should be noted that conventional silver halide

films operate with energy denaltiec at least 105 times feater

tha n photochromic filmns, end we have seen that luminescent diodes

should be able to write on photochroutic filmm at mil1ii8eco)nJ rates.

The theoretical writing speed of' this arruy Isnii by

the RC time constant of the diode or by the carrier lifetnime,

whichever is the longer, Carrier lifetimes at the 101 CM 3

concentration level in gil~liutt aroenide are in the nanovecond

range. The RC time conntent of a diode will also be In the

nanovoecond range ainv-e R~ ~-50 ohms and C -' 10 pf ,ave been

' meesured. Hence writing speeds should be in t~he gigacycle range.

Since the writing head wil~l depend on mechanical transport of the

film, it 8eema apparent thst the film transport speed will set

the ultimate limit, and no the characteristics of the device,.
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No careful. tests were made to Measure the maximumi writing

speed. However, dot sets have been. recorded In loes then a

millisecond by discharging a capacitance throug~h the diodes. In

these tests the optical. pulse length was set by the magnitude of

the discharging capacitance and by the bulk resistance of the

diodes.


